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SECTION I. INTRODUCTION 
Most of the nitrogen in surface soils is organically com­
bined. This organic soil nitrogen cannot be utilized by 
plants, but some of it (usually 1 to J>%) is mineralized by 
microbial processes during the growing season, and this pro­
vides a substantial amount of plant-available nitrogen (i.e., 
nitrogen in the form of ammonium or nitrate) <, Indeed, one of 
the major contributions of soil organic matter to soil fertil­
ity is that it supplies a considerable quantity of nitrogen 
for plant growth and acts as a natural storehouse for this 
Important plant nutrient„ However, numerous fertiliser trials 
have shown that the amount of nitrogen made available by 
mineralization of soil organic matter during the growing sea­
son is rarely sufficient to meet the demand for this nutrient 
in current cropping practices. This has led to a widespread 
appreciation of the importance of nitrogen fertilization and 
of the need for a laboratory method which will provide a 
satisfactory index of the availability of soil nitrogen and 
aid prediction of the amount of fertilizer nitrogen required 
to produce a desired crop yield„ 
The practical value of a laboratory method providing an 
index of the availability of soil nitrogen has long "been 
appreciated, and many biological and chemical methods have 
been proposed» Methods involving estimation of the mineral 
nitrogen produced when soil is incubated under conditions 
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which promote mineralization of soil nitrogen have, in general, 
provided the most reliable index of soil nitrogen availability. 
However, most of the incubation procedures thus far proposed 
for estimation of readily mineralizable soil nitrogen have low 
precision and other defects, and recent work has shown that 
the results obtained by these procedures are greatly affected 
by the method and duration of storage of the soil sample 
before analysis» This has led to a renewal of Interest in 
chemical methods of assessing the availability of soil nitro­
gen, because the results obtained by chemical methods seem 
likely to be more reproducible and less affected by prelimi­
nary handling and storage of the soil sample than the results 
of biological methods» A chemical approach to the problem of 
assessing the availability of soil nitrogen is also encouraged 
by the fact that chemical methods of analysis are usually 
simpler and more rapid than biological techniques» Many chem­
ical methods have been proposed, but they are completely 
empirical and appear to have very limited value, A simple and 
rapid chemical method of estimating available soil nitrogen 
which is based on more rational principles than the methods 
novj available is clearly desirable, but no basis currently 
exists for development of more rational chemical methods9 
because the nature of the nitrogen in soils which is readily 
Bineraiized and thus made available for crop growth has not 
been established. 
The objectives of this investigation were s (a) to 
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attempt to identify the minerallzable nitrogen in soils; (b) 
to develop an aerobic incubation method of estimating readily 
minerallzable soil nitrogen which has none of the defects of 
the incubation methods currently available for this estima­
tion; (c) to evaluate this incubation method and other 
laboratory methods of obtaining an index of soil nitrogen 
availability? (d) to study the effects of air-drying and air-
dry storage of soil samples on the results obtained by incuba­
tion and chemical methods of assessing the availability of 
soil nitrogen. 
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SECTION lie REVIEW OF LITERATURE 
Nature of Minerallzable Soil Nitrogen 
Until about 1954, it was generally assumed that only a 
small proportion (< 2%) of the total nitrogen in soils Is In 
inorganic forms of combination, but recent work has shorn that 
some soils contain significant amounts of fixed (nonezcharagea-
ble) ammonium which is not determined by the methods normally 
used for estimation of inorganic forms of nitrogen in soils 
(e.g., Rodrigues g 195^ ? Dharlwal and Stevenson, 1958? Brearner 
and Harada, 1959? Bremner, 19595 Stevenson and Dharlwal, 1959? 
Walsh and Murdock, i960; Young, 1962; Young and Cattani, 1962; 
Hlnmann, 1964). Current data indicate that the proportion of 
soil nitrogen in the form of nonexchangeable ammonium is 
usually less than 8$ in surface soils, but that it exceeds 40$ 
in certain subsoils. Present knowledge concerning the nature 
of the organic nitrogen in soils is based largely on studies 
involving identification and estimation of the forms of nitro­
gen released by treatment of soils with hot mineral acidso 
These hydrolysis studies have shown that from 20 to 40$ of the 
total nitrogen in most surface soils is in the form of bound 
amino acids (Kojlma, 1947; Brearner, 1949, Parker et al„, 1952; 
Stevenson, 1954, 1956;. Sowden, 1956? Young and Mortens en, 
1958; Cheng and Van Hove, 1964; Keeney and Bremer„ 1964) and 
that from 5 to 10$ is in the fora of combined hexosaiaines 
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(Bremner and Shaw, 1954; Stevenson, 1957a, b; Sowden, 1959? 
Cheng and Van Hove, 1964; Keeney and Bremner, 1964). The 
amino acids and hexosamines liberated by acid hydrolysis of 
soils have been identified, but their modes of linkage in 
soils have not been established. Purine and pyrimldlne 
derivatives have been detected, but current-evidence indicates 
that they do not account for more than about 1% of the total 
nitrogen in surface soils (Adams et al„, 1954; Anderson, 1958, 
196l)o Other organic nitrogen compounds have been detected, 
but there is no evidence to suggest that these compounds 
account for a significant amount of the organic nitrogen in 
soils. Many theories have been advanced concerning the nature 
of the organic soil nitrogen which has not been identified, 
but there is very little evidence to support these theories 
and the chemical nature of.about half of the organic nitrogen 
in soils remains obscure. 
Research on the nature of the minerallzable soil nitrogen 
has been hindered by the lack of suitable methods of following 
the changes in nitrogen distribution that occur when soils are 
subjected to treatments which lead to mineralization of soil 
nitrogen. Until recently, studies of such changes were 
limited to a few investigations which indicated that the 
mineralization of soil nitrogen resulting from cultivation of 
virgin soils leads to changes in the proportions of total soil 
nitrogen in the form of hydrolyzable M (nitrogen dissolved by 
hydrolysis with strong acid), "amide6® N (nitrogen released as 
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ammonium by acid hydrolysis), amino (or amino acid) N (Rendig, 
1951 » Paul and Shariff, 1954; Stevenson, 1956; Young and 
Mort ens en, 1958) $ and nonexchangeable ammonium N (Stevenson 
and Dharlwal, 1959)• However, more detailed information con­
cerning these changes has been provided by recent studies of 
the effect of cultivation on the nitrogen distribution in soils 
(Keeney and Bremner9 1964; Porter et al. , 1964). Porter et al., 
(1964) found that cultivation and cropping led to losses of 
acid-insoluble (nonhydrolyzable) N, nondistlllable acid-
soluble N, and distillable acid-soluble N and to changes in 
the relative proportions of these forms of nitrogen, the per­
cent loss of nondistlllable acid-soluble N being greater than 
the percent loss of acid-soluble N or distillable acid-soluble 
N. Keeney and Bremner (1964) found that cultivation led to 
marked decreases in all forms of soil nitrogen excepting non-
exchangeable ammonium, but that, on the average, it did not 
cause marked changes in the relative proportions of hydrolyza­
ble and nonhydrolyzable forms of N, i.e., that the decrease in 
total nitrogen on cultivation was accompanied by a roughly 
proportional decrease in hydrolyzable and nonhydrolyzable 
forms of nitrogen. Their results showed that with the soils 
studied, the average percent losses of different forms of 
nitrogen on cultivation decreased in the orders amino acid H 
( 43.0$) > nonhydrolyzable H (39°4$) > total soil N (36.2$) > 
total hydrolyzable N (35.2$) > unidentified hydrolyzable M 
(3^ »5%) > hydrolyzable ammonium N (28.6$) > hexosamine N 
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(27.6$) > nonexchangeable ammonium N (0.2$). This work did 
not permit any definite conclusions concerning the nature of 
the minerallzable nitrogen in soils, because the effects of 
nitrogen immobilization processes, crop residues, and ammonium 
fixation on the changes in nitrogen distribution resulting 
from cultivation could not be assessed. However, It Indicated 
that the native nonexchangeable ammonium N in soils is practi­
cally unavailable to plants or microorganisms (cf. Hinman, 
1964) and, that although the amino acid N In soils may be more 
susceptible to mineralization than other organic forms of soil 
N, there are no very marked differences in the susceptibili­
ties of the various forms of organic nitrogen in soils to 
mineralization. 
Estimation of Readily Minerallzable Nitrogen in Soils 
The striking increases in crop yields that have accom­
panied the recent rapid increase in the use of nitrogenous 
fertilizers have shown that although a substantial quantity of 
nitrogen is made available for plant growth by mineralization 
of soil organic matter, it is generally not sufficient to meet 
the nutrient demand in current cropping practices. This has 
emphasized the need for a method of assessing the probable 
release of available nitrogen from soil organic matter which 
will permit reasonably accurate prediction of the nitrogen 
fertilizer requirement of soils and lead to more effective and 
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economical use of nitrogenous fertilizers. 
The development of reliable methods of predicting the 
nitrogen fertilizer requirements of soils is one of the major 
practical objectives of agricultural research and much atten­
tion has been given to the problem of estimating the ability 
of soils to supply nitrogen for plant growth. Harms en and van 
Schreven (1955)» Allison (1956), and Bremner (1965b) have 
reviewed the extensive literature on this subject and have 
discussed the merits and defects of the various biological and 
chemical methods which have been suggested for assessment of 
the availability of soil nitrogen to plants and the need for 
fertilizer nitrogen. 
Several methods have been proposed in which the need for 
fertilizer nitrogen is assessed by plant rather than soil 
tests (e.g., methods based on visual symptoms of nitrogen 
deficiency or plant tissue analysis), but discussion of such 
tests is beyond the scope of this review. Field and green­
house trials are sometimes mentioned in discussions of methods 
of assessing the ability of soils to provide nitrogen for 
plant growth, but these vegetative tests are much too expen­
sive and time-consuming for routine use in soil testing, and 
they will not be discussed in any detail. However, since such 
trials are essential for evaluation of laboratory indexes of 
nitrogen availability, it should be noted that very little 
attention has been given to the problems in design and per­
formance of field or greenhouse experiments for calibration of 
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laboratory methods. Some of these problems have been dis­
cussed by Lawerence (1955)» Alvey (1955), Tchan (1959), 
Beckwith (19&3), and Hanway (19&3), but they are rarely men­
tioned in the literature on laboratory indexes of nitrogen 
availability and they appear to have been greatly underesti­
mated. As Tchan (1959) has pointed out, lack of correlation 
between the results of laboratory and vegetative tests is not 
necessarily a reflection on the value of the laboratory test 
as a measure of intrinsic nutrient availability0 Hanway 
(1963) recently listed various requirements which he con­
sidered should be met in greenhouse and laboratory studies to 
assess the availability of soil nutrients to plants, and con­
cluded that these requirements have seldom, if ever, been met 
and that many of the poor relationships observed between the 
results of laboratory and greenhouse studies can probably be 
attributed to defects in greenhouse studies rather than in 
laboratory tests. 
Laboratory tests for H availability performed on surface 
soils have obvious limitations and these limitations must be 
taken into account when the results of these tests are being 
interpreted. For example, such tests cannot be expected to 
integrate the numerous interrelated soil-plant-environment-
management factors which affect the release and uptake of 
nitrogen and regulate plant growth during the growing season 
(e.g.9 soil physical properties and profile characteristicss 
length of growing season, weather during growing season, pH, 
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temperature, water level, aeration, microbial activity, 
nutrient interactions, previous cropping practices, pests and 
diseases, plant population, residual fertilizer effects, 
availability of subsoil nitrogen, and the nature, root range, 
and root pattern of the crop). Also, the value of laboratory 
indexes of nitrogen availability is clearly limited by the 
fact that the availability of soil nitrogen to plants is con­
trolled largely by microbial activity and by rainfall» Short 
periods of heavy rainfall during the growing season can lead 
to extensive loss of nitrate through leaching or denitrifica-
tion and can completely vitiate the results of laboratory 
methods used to assess the need for fertilizer nitrogen. 
Chemical methods 
A chemical approach to the problem of obtaining a 
laboratory index of soil nitrogen.availability is attractive, 
because chemical methods of analysis are usually more rapid 
and convenient than biological methods and they are generally 
more precise. However, the use of chemical techniques to 
obtain an index of soil nitrogen availability Is open to the 
criticism that no chemical reagent is likely to simulate the 
activities of soil microorganisms or to release selectively 
the fraction of soil nitrogen which is made available for 
plant growth by these organisms» 
The chemical methods which have been proposed are 
described in Table 1» The methods Involving determination of 
Table 1, Chemical methods used to obtain an index of the availability o^  soil 
nitrogen 
Method 
Estimation of total N content of 
soil sample (Kjeldahl method) 
2, Estimation of mineral N content of 
soil sample 
3» Estimation of organic matter 
content of soil sample 
4. Estimation of nitrogen extracted 
from soil sample by various reagents 
a. Sulfuric acid 
b* Hydrochloric acid 
References 
Allison and Sterling (1949)S White et al„ 
(1949)1 Carpenter et al. (1954)$ AndEaria 
et alo (1953) I Munson and {Stanford (1955)$ 
Pritchett et al, (1959)% Synghal et al. 
(1959)l Peterson et al. (i960]; Richard 
et al» (i960); Gasser (196lb)s Purvis and 
Leo~Tl96l) 5 Tamhane and Subbisih (1962); 
Attoe (1964); Kalbande (1964) 
Munson and Stanford (1955) 
(1957); Cooke and Cunningham 
Synghal et al* (1959)5 Peters^  
(i960); Richard et al. (i960) 
and Teakle (I960TF Gasser and 
Cook et al, 
(19537; 
n et al. 
Waring 
Williams 
; Attoe (1963) 5  Soper and Huang (1963] 
(1964) 
White et al. (1949); Woodruff (1950); 
Smith Tl952); Oison and Rhoades (1953) 
Pritchett et al, (1959) 
Tyurin (1934); Tyurin and Kononova (1934$ 
1935)l Gracie and IChalil (1939) 1 Desal 
and Subblah (1952); Peterson et al. 
(I960); Attoe (1964) 
Peterson et al. (i960) 
% 
Table 1 (Continued). 
Method 
o. Hot water 
d. Dilute sodium bicarbonate 
solution 
e. Dilute barium hydroxide solution 
5„ Estimation of ammonium released by 
treatment of soil sample with 
various reagents 
a. Sulfuric acid 
bo Normal sodium hydroxide (ca. 
28°C.) —' 
c„ Hot alkaline permanganate 
solution 
6o Estimation of "glucose" extracted 
from soil sample by dilute barium 
hydroxide solution 
References 
Livens (1959a, b); Akatsuka and 
Sakayanagi (1964) 
Gallagher and Bartholomew (1964); MacLean 
(1964) 
Jenkinson (1964) 
Peterson et jy,0 (i960); Richard et al. 
(I960); Purvis and Leo (1961); Bosw"eîl et 
al. (1962)i Soper and Huang (1963); 
Gallagher and Bartholomew (1964) 
Cornfield (i960); Chu (1962) 
Truog (1954)i Munson and Stanford (19 5 5 )  Î  
Subbiah and Aslja (1956); Kresge and 
Merkle (1957)§ Synghal et al. (1959); 
Olson et al. (I96Q); Peterson et al. 
(I960); Richard et al. (i960); Boswell et 
al. (1962); Tamhane and Subbiah (1962); 
Soper and Huang (1963)1 Attoe (1964); 
Kalbande (1964); Zachariah (1964) 
Jenkinson (1964) 
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total N, mineral N„ or organic matter (methods 1 to 3) appear 
to have very limited value (see Harmsen and van Sohreven, 
1955; Aliisons 1956) and it is difficult to see how such 
methods can be expected to give satisfactory results except 
under special circumstances. The methods involving estimation 
of the amount of nitrogen or ammonium released by treatment of 
soils with various reagents (methods 4 and 5s> Table l) have 
received considerable attention during the past decade9 and 
several new methods have been proposed (e.g., Livens9 1959a? b; 
Richard et al„ 9 1960s Peterson et al„s I960; Cornfield, i960; 
Attoe, 1964; Gallagher and Bartholomew, 1964; Jenkinson, 1964; 
MacLean, 1964). The technique which has aroused the most 
interest In recent years is that involving estimation of the 
ammonia liberated by distillation of soil with an alkaline 
solution of potassium permanganate (method Table 1)„ This 
oxidative distillation technique was first proposed by Truog 
(1954) 9 but his KMnO^ -N^ CO^  procedure has been modified by 
several workers, and techniques involving distillation with 
KMnO^ -NaOH solutions have been used. These permanganate 
distillation techniques are simple9 rapid9 and inexpensive 9 
but their principles are obscure and they appear to have 
limited value„ They are essentially adaptations of methods 
previously used to estimate the activity (i0e„, availability) 
of water-insoluble nitrogen in fertilizers (see Clark and 
Gaddy 9 1950)» 
No detailed studies of the effect of sample pretreatment 
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on the results obtained by chemical methods of assessing 
available soil nitrogen have been reported. Most studies of 
chemical methods have been performed with surface samples 
which have been air-dried and stored for some time before 
analysisy and it appears to have been assumed that the results 
by these methods will not be significantly affected by pre­
liminary handling and storage of samples before analysis» 
However, there is no evidence to support this assumption, and 
Jenkinson (1964) has noted that the results obtained by a 
chemical method he proposed were significantly affected by 
air-drying of soils before analysis. 
The chief objection to the chemical methods thus far 
proposed is that they are completely empirical and make no 
allowance for the fact that the nitrogen mineralization-
immobilization cycle in soil Is controlled by the supply of 
energy material for microbial processes» In more practical 
terms, this means that they do not measure the well-known 
depressing effect of straw and other carbonaceous plant 
residues on the availability of soil nitrogen. Such methods 
can hardly be expected to give satisfactory results, and it Is 
clearly desirable that attempts be made to develop chemical 
methods which are less empirical and make allowance for the 
effect of carbohydrates and other energy materials on the 
availability of soil nitrogen (1» e,, provide an index of the 
amount of carbon available to the soil microbes)» However, no 
basis for development of more rational chemical methods 
15 
currently exists, because present knowledge concerning the 
relationships between the chemical composition of the organic 
matter and the availability of the nitrogen in different soils 
is extremely limited, and very little information is available 
concerning the chemical nature of the nitrogen in soils which 
is readily mineralized and is the source of the nitrogen made 
available for plant growth by soil microorganisms. 
Biological methods 
Three types of biological methods have been proposed 
(Table 2)„ Each involves Incubation of the soil sample under 
conditions which promote microbial activity9 and subsequent 
measurement of some product of microbial synthesis or degrada­
tion, e.g.j measurement of microbial growth or pigment pro­
duction following incubation with a nitrogen-free nutrient 
medium and a microbial culture (type 1), estimation of the 
mineral nitrogen formed by incubation under conditions which 
promote mineralization of soil nitrogen (type 2), or estima­
tion of the COg produced by incubation with an excess of a 
nitrogen-free readily decomposable organic material (type 3)« 
The microbiological assay methods (type 1) are open to a 
variety of Criticisms (see Tchan, 1959) and they have aroused 
little interest. The algal technique developed by Tchan 
(1956, 1959) appears superior to other microbiological assay 
techniques thus far proposed* 
The methods involving estimation of the amount of mineral 
Table 2» Biological methods used to obtain 
nitrogen 
Method 
1, Estimation of microbial growth or 
pigment production on incubation of 
soil sample with N-fr@e nutrient 
medium and microbial culture 
Bo Growth of Gunnlnghamella 
blakesleeana 
bo Growth of Aspergillus niger 
Co Chlorophyll production by mixed 
culture of algae 
do Pigment production by 
Pseudomelia s aeruginosa 
20 Estimation of mineral nitrogen pro­
duced on incubation of soil sample 
under aerobic conditions 
a„ nitrate N 
b0 (Ammonium 4- nitrate )-N 
Co (Ammonium 4- nitrate 4- nitrite)=N 
an index of the availability of soil 
Befereneee 
Mehlieh (1938); MoCool (19W 
Mehlloh (1938); Peterson et al. (i960); 
Nowoslelski (i960* 1961); Richard et al. 
(i960); Attoe (1964) — — 
Tchan (1959)I Tchan et al» (1961) 
Boswell et al, (1962) 
See Table 3 
See Table 3 
See Table 3 
Table 2 (Continued)„ 
Method References 
3» Estimation of GOg produced on 
incubation of soil sample with N-free 
readily decomposable organic material 
a, Mannltol Andrews (1937) 
b0 Cellulose White et al0 (194-9); Harms en (1956) » 
Comf iHd"Tl96la ) 
Co Glucose8, Richer and Holben (1950) 
aSoil sample was also treated with N-free nutrient medium, and yeast culture» 
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nitrogen formed during incubation (type 2) have been used 
extensively and they are generally considered to be the most 
satisfactory of the methods currently available for assessment 
of the potential ability of soils to provide nitrogen for crop 
growth„ 
The methods involving estimation of COg (type 3) have been 
described as indirect incubation procedures (Harmsen and van 
Schreven9 1955)» They are based on the assumption that, if a 
soil sample is mixed with an excess of a nitrogen-free readily 
decomposable organic material, the amount of COg produced on 
incubation of the mixture will depend upon the amount of 
mineral nitrogen originally present in the sample and the 
amount of nitrogen mineralized during incubation. The validity 
of this assumption is open to question, because nitrogen may 
not be the only nutrient which limits mineralization of organic 
carbon when soils are incubated with nitrogen-free energy-rich 
materials and it is known that treatment of soils with such 
materials promotes fixation of atmospheric Ng by soil micro­
organisms, Howeverj Cornfield (1961a) found that the amount 
of CO2 produced when soil samples treated with 1% cellulose 
were incubated for 3 weeks was highly correlated with the 
total amount of mineral nitrogen present in unamended samples 
incubated for the same time,, and he obtained evidence that 
nitrogen was the only nutrient limiting microbial mineraliza­
tion of organic carbon in the soils tested. Harmsen and van 
Schreven (1955) consider that indirect incubation techniques 
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have two important advantages over direct Incubation methods 
(type 2), one being that estimation of C02 is simpler than 
estimation of mineral forms of nitrogen, the other being that 
no accumulation of mineral nitrogen can occur when soils are 
incubated with nitrogen-free energy-rich materials. There 
appears to be no evidence9 however9 that it is advantageous to 
prevent accumulation of mineral nitrogen during incubâtions 
and the problem of maintaining aerobic conditions during 
incubation is clearly greater when the C02 liberated during 
incubation must be determined. Cornfield (1961b) has 
described a novel method of aeration which depends upon the 
ability of moist Ba02 to absorb CO2 and release one mole of 02 
for each mole of C02 absorbed.„ This method of aeration 
appears very convenient for indirect incubation techniques but 
it has the disadvantage of requiring use of a gasometric pro­
cedure for determination of the C02 liberated during incuba­
tion» 
Readily minerallzable nitrogen as an index of nitrogen 
availability 
As noted previously9 it is generally accepted that the 
most satisfactory methods currently available for assessment 
of the potential ability of soils to provide nitrogen for crop 
growth are those involving estimation of the mineral nitrogen 
formed when soil is incubated under conditions which promote 
mineralization of soil nitrogen (type 2, Table 2) „ These 
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methods have a rational basis, because the agents responsible 
for release of mineral nitrogen during incubation of soils are 
those which make organic soil nitrogen available for crop 
growth during the growing season, and the expectation that 
these incubation techniques will provide a fairly accurate 
index of the availability of soil nitrogen to plants has been 
confirmed by a large number of investigations (Praps, 1921; 
Black et al., 1947, Pritchett et al., 1948; Allison and 
Sterling, 1949; White et al., 1949; Pitts et al», 1953; 
Andharia et al., 1953? Hanway and Dumenil, 1955s Munson and 
Stanford, 1955s Saunder et al„, 1957; Cook et al», 1957; Eagle 
and Matthews, 1958; Pritchett et al., 1959; Synghal et al», 
1959; MacKay et al., 1959, 1963; Olson et al., i960; Eagle, 
19615 Gasser, 196la; Clement and Williams, 1962; Gasser and 
Williams, 1963; Grunes et al., 1963; Mercik, 1963; Welch and 
Bartholomew, 1963; Gallagher and Bartholomew, 1964; Gasser and 
Jephcott, 1964; Harding and Boss, 1964; Kalbande, 1964; Ozus, 
1964; Stanford et al., 1965). Indeed, considering the defects 
of the incubation methods which have been used to obtain an 
index of nitrogen availability, the results by these methods 
seem surprisingly good. Very few workers have failed to 
obtain a reasonably satisfactory correlation between the 
results of incubation tests and crop response data (see 
Harmsen and van Schreven, 1955)° 
numerous direct incubation (mineralization) techniques 
differing with respect to quantity of soil, use of physical 
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and/or chemical amendments, temperatureg water level, incuba­
tion period, type of incubation vessel, method of estimating 
mineral N production, etc., have been used to obtain an index 
of soil nitrogen availability. This is illustrated by Table 
3, which gives details of aerobic incubation methods used dur­
ing the period 19^ 7 to 1965» The methods most extensively 
used in recent years have been those In which the soil sample 
is leached with water before Incubation and only the nitrate 
produced on incubation is determined. In these methods, the 
sample is mixed with vermlcullte or sand (to improve its 
physical condition) and leached with water (to remove nitrate 
and eliminate the need to determine the initial nitrate content 
of the sample)„ The excess water is then removed by suction 
(to make the water content of the sample suitable for nitrifi­
cation), the sample Is incubated (usually at 25° to 35°C. for 
7 to 14 days), and the nitrate produced during incubation is 
determined by leaching the incubated sample with water and 
analyzing the extract by the colorimetric phenoldisulfonic 
acid technique. These nitrification (nitrate production) 
methods have the advantage that they are simple enough to be 
suitable for use in soil testing laboratories. However9 they 
are open to the following criticisms; 
I, The leaching technique used to extract nitrate before and 
after incubation does not appear to be very satisfactory 
(see Eagle and Matthews, 1958)9 and its suitability for 
soils which have a significant anion-exchange (or anion-
Table 3<> Details of aerobic incubation methods used to estimate readily minerallzable nitrogen in 
soils . 
incubated Conditions used for incubation 
Weight (go) Pre- Amount N produc 
and form Amendment treat- of Temp, Time tion Q 
Reference of soil (A/S ratio) ment water (°C.) Aer. (days) estdo 
Black et al. (1947) 100D S(l:l,w/w) — 25 ml0 30 A 21 
Pritchett et al. (1948) 
Allison and Sterling (1949) 25D — — 5 ml» 28 Op P 
Harasen and 5000M — G 60% t'JHG 29 Op P 1 
Lindenbergh (1949) 
Cornfield (1952, 1959) 10D — — 33% WHC 28 Op 21 3 
Bj, air-dry soil; fi.eld-aioist soil; S, sand; vemiculite; A/S ratio, amendment/soil ratio; 
ws weight; va volume; Gs removed initial mineral-N in sample by growth of spinach; W, leached with 
•water; W, leached with water or with solution of Krilium; ZS, leached with lime water and nutrient 
solution0 
^î'JlîCj, water-holding capacity; ME, moisture equivalent ; Rs water retained against suction after 
leaching with tvater; VPa used CaHPOi solution instead of water, and varied the amount from 1.5 to 3»5 
mlo according to soil texture; FCS field capacity; Ts amount of water retained against 75 cm* of 
water tension; Aer»s method of aeration: Afl by admission of fresh air at intervals during incubation; 
Op, by opening to air saturated with water vapor; Ns not stated; Ox, oasygen absorbed during incuba­
tion was replaced by pure oscygen; P5 mineral N produced during incubation was determined periodically 
cl„ nitrate M; 2, (exchangeable ammonium + nitrate)-N; 3? (exchangeable ammonium + nitrate + 
nitrite)-!!» Methods used for estimation of nitrate M and (exchangeable ammonium + nitrate)-N would 
include some nitrite N. 
Table 3 (Continued)» 
Incubated 
Reference 
Weight (g6 ) Pre-
and form Amendment treat-
of soil (A/S ratio) ment 
Andharie, et al0 (1953) 25D 
Fitts et alo"Tl953) 
Olson and Rhoades (1953) 100D 
Fitts et al. (1955) 10D 
Hanmy and Dumenil (1955) 
Msmeon and Stanford (1955) 
Stanford and Ham-Jay (1955) 
Harpstead and Brage (1958) 
Tamhane and Subbiah (1962) 
Gallagher and 
Bartholomew (1964) 
Cook eb cJL (1957) 1C3 
Kresge and Merkle (1957) 10D 
Beaton et al0 (i960) 
Sawder et al. (1957) 10D 
Cooke and Cunningham (1958) 30D (30M) 
Eagle and Matthews (1958) 10D 
Eagle (l96ls 1963) 
V(l:l,v/v W 
or V7/V) 
V(4s3$v/vr) MC 
S(l8l,v/v) IS 
Conditions used for incubation b 
Amount 
of 
rnter (°Co) Aer, 
Time 
(days) 
N produc­
tion c 
eatdo 
6,25 ml. 35 Op 21 1 
ME 25 N 28 1 
R 35 Op 14 1 
R 30 Op a 1 
R 35 Op 84 1 
VP 35 Op 14 2 
50% I-JHC 18 A 30 2 
ME 35 Op 7 1 
tv 
VuJ 
Table 3 (Confcismed)» 
Sample incubated! 
Reference 
Hagin et aJ0 (1959) 
Hagin and Halevy (1961) 
MacKay et al. (1959, 1963) 
Pritchett et al» (1959) 
Synghal et al0 (1959) 
Olson et alo (i960) 
Gasser (1961a) 
Gasser and Jephcott (1964) 
Boswell et al0 (1962) 
Cleaezrb and Williams (1962) 
Gunmingham (1962) 
Gasser.and Williams (1963) 
Weight (go) 
and form Amendment 
of soil (A/S ratio) 
5D 
10D 
25D 
50D 
15D 
40D 
SOD 
300M 
15D (20M) 
50D 
S(lsl ,w/w) 
V(l?2j, v/^) 
?(1S25v/V) 
V(l$lsv/v) 
S(lsl,w/x?) 
Conditions used for incubation^  
Amount N produo-
of Temp. Time tion 
vjater (°G0) Aer, (days) estd„c 
a 30 Op 14 1 
R 30 Op 14 1 
R 35 Op P 1 
50% I'fflC 28 Op 14 1 
R 25 Op 10 1 
50% WHO 25 N 21 2 
75^ FC 30 Op 28 1 
T 30 Ox 20 2 
50^  I'JHC 25 A 14 2 
50$ WHO.. 25 . N 21 2 
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retention) capacity (e.g., lateritic soils) seems question­
able. Alsoy it sometimes yields turbid or colored 
extracts which cannot be analyzed satisfactorily by 
colorlmetric procedures. Moreover, leaching with water 
does not remove exchangeable ammonium (see below) but may 
remove water-soluble organic nitrogen compounds which are 
readily mineralized during incubation» Several workers 
have shorn that the water-soluble nitrogen in plant resi­
dues and composts is highly susceptible to mineralization 
(e.g. s, Bould, 19^ 8; Iritanl and Arnold, i960), and there 
is evidence that the water-soluble nitrogen in soils is 
also readily mineralized (Livens9 1959a, b). 
They give erroneous (high) results with soils which con­
tain a significant quantity of ammonium prior to incuba­
tion, because this ammonium is not removed by leaching 
with water and is normally converted to nitrate during 
incubation. Soils which have been air-dried and stored 
for estimation of mineralizable N by incubation techniques 
sometimes contain a significant amount of exchangeable 
ammonium (see Olson et al., i960? Gasser, 1961b? Cunning­
ham, 1962). 
They give erroneous (low) results with soils In which 
ammonium produced during incubation is not converted 
readily to nitrate. Many workers (e.g., Cornfield, 1952? 
Saunder et al., 19571 Cooke and Cunningham, 1958? Iritanl 
and Arnold, I96O3 Olson et al., i960; Eagle, 1961) have 
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observed accumulation of ammonium as well as nitrate in 
incubated soils. 
The technique employed to adjust the water content of the 
soil sample before incubation is inapplicable to some 
soils and does not give reproducible results (see Eagle 
and Matthews, 1958)= 
Several workers (e0go9 Saunder et al., 1957s Synghal, 
1959, Olson jet aloP i960) have found that use of vermicu-
lite as a physical amendment can affect the rate of 
mineralization during incubation. Also, Timmons et al. 
(1961) found that use of vermiculite can lead to serious 
errorsg because this material has the capacity to absorb 
ammonia from the atmosphere and can contain a significant 
amount of ammonium if it is not stored in an air-tight 
container. Moreover, vermiculite has the capacity to fix 
ammonium, and use of vermiculite which has not been care­
fully pretreated to destroy its ammonium-fixing capacity 
may affect the results of incubation methods. 
Some soils contain organic or inorganic constituents which 
interfere with the phenoldisulfonic acid method of deter­
mining nitrate. 
The methods do not provide an estimate of the amount of 
mineral N present in the sample before incubation and take 
no account of mineral N which has accumulated during fallow 
or from nitrogen fertilizer applicationse 
The methods have low precision and sometimes give extremely 
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variable results. 
Several of these criticisms apply to other incubation 
methods which have been used to obtain an index of nitrogen 
availability (see Table 3)« The defects of methods in which 
only nitrate production is determined have been emphasized by 
recent work (e.g., Saunder et al., 1957; Olson et al.s i960; 
Timmons et al» $ 1961? Eagles 1961? Gasser5 196lb? Cunningham, 
1962? Gasser and Jephcotts 1964), and it is now obvious that 
both ammonium and nitrate production should be estimated. The 
need to include nitrite in estimation of mineral N production 
is less obvious, because the amount of nitrite formed during 
incubation of soils is rarely sufficient to warrant its deter­
mination, However, it Is clearly preferable that nitrite be 
included if this does not unduly complicate the analysis. 
Methods involving the use of chemical amendments (e.g., CaCO^ , 
lime water, nutrient solutions) are open to severe criticism 
(see Harmsen and van Schreven, 1955)9 and they are now rarely 
employed. The use of vermiculite or sand as physical amend­
ments has been criticized (Harmsen and van Schreven, 1955)$ 
but there would appear to be no valid objection to the use of 
sand. In most of the incubation techniques which have been 
used, an attempt has been made to make the conditions of Incu­
bation with respect to water level9 aeration, and temperature 
practically optimal for nitrification. It is usually stated 
that the optimal temperature for nitrification is around 
35°C., but values between 27° and 37°C. have been reported 
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(see Panganiban, 1925» Fitts, 1952; Pitts et al., 1953? Pathak 
and Shrikhande, 1953) and most workers have estimated mineral-
izable N in soils by methods involving incubation at tempera­
tures between 25° and 35°C. (see Table 3)• The problems of 
establishing the optimal water level for nitrification and of 
effecting adequate aeration during incubation are interrelated 
and the literature suggests that aeration is not a serious 
problem provided the amount of water used for incubation is 
not significantly in excess of the amount required for optimal 
nitrification and the^ method used for aeration does not lead 
to significant loss of water, The major difficulty in estima­
tion of mineralizable N by incubation methods has been that of 
establishing the optimal water content for nitrification. It 
is well established that the optimal water level depends upon 
the texture and organic matter content of the soil and is 
markedly different for clays than for sands. However, studies 
of the effect of water level on nitrification in different 
types of soils have shown that the optimal water content for 
nitrification is a function of the water-retaining properties 
of the soils under examination, and that, when expressed in 
terms of water-holding capacity, moisture equivalent, or field 
capacity, the optimum is practically the same for different 
soils (see Pitts, 1952; Pitts et al,, 1953? Stanford and Han-
way, 1955)° For example, it has been generally found that 
maximal nitrification occurs when the amount of water used for 
incubation is equivalent to 33 to Soft of the water-holding 
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capacity of the soil. (As measured in nitrification work, the 
volume of water in soil at the water-holding capacity is 
usually almost the same as the volume of pore space,) Many 
workers have therefore adopted incubation methods involving 
preliminary analyses to determine the amount of water required 
for incubation (see Table 3)» The nitrification methods 
involving preliminary leaching of the sample with water have 
the advantage that they do not require such analyses. However, 
as noted previously, the suction technique employed in these 
methods for adjustment of water content before incubation is 
sometimes inapplicable or unsatisfactory, and there are objec­
tions. to leaching with water before incubation. Harmsen and 
van Schreven (1955) have discussed the problems concerning 
time of incubation in estimation of mineralizable M in soils 
and have pointed out the advantages of methods in which analy­
ses are performed at intervals during incubation. However, 
procedures requiring periodic analyses are too complicated and 
time-consuming for routine use in soil testing laboratories, 
and methods involving estimation of the nitrogen mineralized 
after a relatively short period of incubation (2 to 3 weeks) 
have been generally preferred (see Table 3)« 
It is now well established that the results obtained in 
estimation of mineralizable soil ÎJ by direct incubation 
techniques are affected by the method used to obtain and pre­
pare the soil sample for this analysis. For example, many 
workers have found that the results depend upon time of 
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sampling (e.g., Harmsen and van Schreven, 1955? Eagle and 
Matthews, 1958; Olson et al., I96O5 Eagle, 1961). It seems to 
be generally accepted that samples for estimation of minerali­
zable N should be taken late in the winter or during the 
spring (see Harmsen and van Schreven, 1955? Harmsen, 1956)$ 
but many papers reporting mineralizable M data do not indicate 
the time or method of sampling the soils analyzed. Most 
workers have apparently analyzed surface (0- to 6-inch) samples 
taken in the spring and have air-dried and stored the samples 
for some time before analysis. This procedure is convenient 
from the analytical standpoint, but it has been found that 
air-drying of soil samples increases the mineralizable M values 
obtained by aerobic incubation methods (Landrau, 1953? Cooke 
and Cunningham, 1958; Birch, 1958, 1960s Gasser, 1961a, b; 
Eagle, 1961? "Cunningham, 1962 % Sky ring, 1962; MacICay et al», 
1963? Gasser and Jephcott, 1964; Harding and Ross, 1964; Munro 
and MacKay, 1964). Also, many workers have found that miner­
alizable N values increase with increase in time of storage of 
air-dried samples (Landrau, 1953? Acharya and Jain, 1955? 
Harpstead and Brage, 1958? Birch, i960; Gasser, 1961b? Eagle, 
1961; Cunningham, 19625 Gasser and Williams, 1963? Gasser and 
Jephcott, 1964). However, Cornfield (1964) noted little 
effect of time of storage of air-dry soils on estimation of 
mineralizable N by Incubation techniques and Harpstead and 
Brage (1958) found that air-dried soils stored for less than 9 
weeks before incubation gave lower nitrate-production values 
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than freshly air-dried samples, 
Gasser and Jephcott (1964) noted that mineralizable N 
values were affected by the temperature used for drying and 
that soil samples dried at 25°C, produced more mineral N on 
incubation than did samples dried at 15° to 18°C. 
Several workers have noted that the method of storing 
air-dried soil samples can affect the results obtained in 
estimation of mineralizable N. For example, it has been 
observed that the results obtained with air-dried samples 
stored in paper bags are higher than those obtained with sam­
ples stored in air-tight or plastic containers (see Olson et 
al. s I960; Timmons et al., 1961; Gasser, 196lb). There seems 
little doubt that this is at least partly due to the ability 
of air-dried soils to absorb ammonia from the atmosphere (see 
Bremner, 1965a), Contrary to other workers, Acharya and Jain 
(1955) found that the nitrate-production values of air-dried 
soils stored in air-tight containers were higher than those of 
air-dried soils stored in bottles with porous covers. 
Many investigators have found that correlations between 
mineralizable N values and crop response data are better x-ihen 
the values obtained with air-dried rather than field-moist 
soils are used (Earpstead and Brages 1958? Gasser, 1961a5 
Eagle, 1961% Hagin and Halevy, 1961? Gasser and Williams, 1963? 
I-îacKay et al., 1963), but Munro and MacKay (1964) found that 
the mineralizable N values obtained with field-moist soils 
gave slightly better correlations. Harpstead and Brage (1958) 
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found that to obtain satisfactory correlations with air-dried 
samples it was necessary to store the samples for 18 weeks 
before incubation (see also Hagin and Halevy, 1961), but good 
correlations have been obtained using air-dried samples stored 
for much shorter times (e.g., Gasser, 1961a; Eagle, 1961). 
Several workers have recommended cold storage of freezing 
of field-moist samples as a method of preserving soil samples 
for estimation of mineralizable N by incubation methods (Eagle 
and Matthews, 1958? Gasser, 1958? Clement and Williams, 1962), 
but the results obtained in studies of the effects of cold 
storage of moist soils are as contradictory as those concern­
ing the effects of air-drying. Some workers have found that 
deep-freeze (-1° to -20°C.) storage of field-moist soils has 
little effect on mineralizable N values (Gasser, 1958? Mack, 
1962; Harding and Boss, 1964); others have found that deep­
freeze storage of field-moist soils before incubation in­
creases the amounts of N mineralized (Mack, 1963? Ross, 1964). 
Remarkably little attention has been given to the effect 
of soil mesh-size in Estimation of mineralizable N by incuba­
tion methods and many workers have not considered it necessary 
to describe the method used to grind and sieve soil samples 
for analysis by incubation methods. However, recent work 
(Waring and Bremer, 1964b) has shown that the mineral M pro­
duced on incubation of soils can be greatly increased when 
finely ground soils are used. The results obtained in this 
work indicate that the importance of soil mesh-size in estima-
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tion of mineralizable soil N has been underestimated and that 
it is essential to standardize the method of grinding and 
sieving soil samples for this estimation. 
It is obvious from this brief review of factors affecting 
the results obtained by aerobic incubation methods that com­
parisons of mineralizable N in soils are pointless unless 
methods of sampling, drying, grinding, sieving, storing, and 
incubating soils are rigorously standardized, 
A recent development in research on laboratory Indexes of 
soil nitrogen availability has been the use of waterlogged 
Incubation techniques for assessment of readily mineralizable 
soil nitrogen, Subbiah and Bajaj (1962) found that there was 
a good relationship between the amount of ammonium N released 
by incubation of soils under waterlogged conditions at 35°Ce 
for one week and crop response by rice grown on these soils. 
Waring and Bremner (1964a) subsequently found that there was a 
very close relationship between the amount of ammonium N pro­
duced by incubation of air-dry soils under waterlogged condi­
tions and the amount of (ammonium + nitrate + nitrite)-N 
produced by incubation under aerobic conditions at 30°G« for 
14 days, and proposed a very simple waterlogged (anaerobic) 
incubation method of assessing available soil nitrogen which 
has the following advantages s (a) only ammonium production 
need be determined, because the conditions of incubation are 
such that no nitrate (or nitrite) is produced); (b) a short 
period of incubation (7 to 14 days) is adequate, because 
3 4 
mineralization is more rapid under waterlogged than under 
aerobic conditions; (c) it is not necessary to aerate during 
incubation or to determine the amount of water required for 
incubation (the amount of water is the same for all soil sam­
ples) ; (d) only a small sample of soil (5 g.) is needed, and 
no extraction is required in the method used to determine 
ammonium. This method appears promising, but further work is 
required to assess its value as a routine laboratory method of 
estimating the ability of soils to provide nitrogen for plant 
growth. 
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SECTION III, MATERIALS AND METHODS 
Soils and Analytical Procedures 
The soils use&An the various studies reported are 
described In the sections relating to these studies. Unless 
otherwise stated, analyses of these soils were performed on 
samples which had been air-dried and ground to pass an 80-mesh 
screen. 
Soil pH was determined by a glass electrode (soil/water 
ratio, 1§2o5) and-total nitrogen by a semlmlcro Kjeldahl pro­
cedure (Brearner, i960). Organic carbon was determined by a 
modification of the method of Mebius (i960). In this modifi­
cation, a sample of soil containing about 5 mg, of organic 
carbon was treated with 10 ml. of 0.500N K2Cr20r, and 15 ml. of 
concentrated sulfuric acid, the mixture was boiled under reflux 
for 30 minutes, and residual dichromate was determined by 
titration with 0.25N (NH^ )2SO^ -FeSO^ -6H^ O (Mohr's salt) using 
N-phenylanthranilic acid as indicator. " 
Unless otherwise stated, exchangeable ammonium N, nitrate 
N, and nitrite N were determined by the direct steam distilla­
tion methods described by Bremer (1965a) using 2 g. of c 2 mm. 
soil. Hon exchangeable ammonium N was determined by a ItOBr-HF 
procedure recently described (Bremner, 1965a). 
Particle size analysis was performed by the pipette 
method of Kilmer and Alexander (1949) as modified by Edwards 
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and Bremner (1965)$ dispersion "being effected "by shaking a 
10 g0 sample of air-dry < 2 mm. soil with 4.0 g. (dry weight) 
of sodium-saturated Amberllte 200 cation-exchange resin and 60 
ml. of water for 10 hours. 
Water-holding capacity was calculated from the amount of 
water retained when a 10 g. sample of air-dry, < 2 mm. soil 
was placed in a filter funnel which had the end of its stem 
plugged with cotton wool, and the sample was subsequently 
treated with 20 ml„ of water and allowed to drain overnight, 
the funnel being covered with a watch glass to prevent evapor­
ation. 
Greenhouse Study 
A greenhouse study of the availability of the nitrogen in 
25 soils to ryegrass was conducted to obtain the information 
required for evaluation of laboratory indexes of the availa­
bility of the nitrogen in these soils. The soils used are 
described in Section VI. The samples employed in the green­
house study were field-moist samples which had been crushed 
gently to pass a 6-mm. sieve and subsequently stored at -5°C„ 
for 2 weeks. The soil containers used were semi-opaque 
plastic cartons9 13 cm. x 16 cm. x 16 cm. In each experiment, 
2 kg. of washed quartz sand, 1000 g. (oven-dry basis) of soil, 
and 300 g„ of washed quartz sand were added to a container. 
The additions were made in the order specified and the surface 
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of the material added was levelled after each addition. An 
amount of water equivalent to 5$% of the water-holding capac­
ity of the sand and soil was added and ryegrass seeds (ca. 100) 
were evenly distributed over the sand surface and covered by 
200 g. of sand. The sand surface was moistened and covered 
with a moist paper towel until germination was observed. Be­
fore and after germination, water was added at 3- to 4-day 
intervals to compensate for water lost by evaporation and 
transpiration, water loss being determined by weighing the 
container. Each experiment was replicated four times. 
The study was initiated on October 2, 1964, and germina­
tion was complete by October 9« The first ryegrass cutting 
was made on November 11, 1964, the second on December 7, 1964, 
and the third and last cutting on January 20, 1965. Cuttings 
were made about 1 cm. above the surface of the sand. After 
the third cutting, the cropped soil was allowed to dry in the 
greenhouse and removed from the container. A subsample of the 
air-dry soil was then gently crushed to pass a 2-mm. screen 
and stored in a tightly sealed glass container. During sub-
sampling and sieving, care was taken to minimize contamination 
of the subsample by sand and roots. 
The ryegrass cuttings from each experiment were placed in 
small paper bags, dried at 60oGo in a forced-air oven, weighed 
to the nearest mg. and ground (< 20 mesh) in a small Wiley 
mill. Total nitrogen in the ground ryegrass sample was 
determined by a semimicro Kjeldahl procedure (Bremner, I960), 
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each replicate of eac-h cutting "being analyzed separately. 
Miscellaneous 
Correlation coefficients were calculated and analyses of 
variance performed using procedures described by Snedecor 
(1956)o 
Unless otherwise stated, the chemicals used were reagent-
grade quality and all water employed was distilled water (con­
densed steam) which had been deionized by treatment with ion-
exchange resins in a Bantam Demineralizer (Model BD-1)0 
In all analyses involving estimation of ammonium 
liberated by distillation procedures, the ammonium liberated 
was collected in 5 hlU of boric acid-indicator solution pre­
pared as described by Bremner and Keeney (1965) and determined 
by titration with standard sulfuric acid from a 5~elU micro-
burette graduated at 0.01-ml. intervals. 
All soil analyses reported are averages of at least 
duplicate determinations and are expressed on a moisture-free 
basis, moisture being estimated from loss in weight following 
drying at 110°C. for 12 to 18 hours. 
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SECTION IV. IDENTIFICATION OF MINERALIZABLE SOIL NITROGEN 
Introduction 
As noted in. Section II, research on the nature of the 
mineralizable nitrogen in soils has been hindered by the lack 
of suitable methods of following the changes in the amounts 
and distribution of different forms of nitrogen that occur 
when soils are subjected to treatments which lead to minerali­
zation of soil nitrogen» However, recent work (Bremner, I965&9 
e) has led to development of analytical procedures which per-
mit studies of these changes, and these procedures have been 
used in the work described in this section in an attempt to 
characterize the mineralizable nitrogen in soils» 
Characterization of the mineralizable nitrogen in soils 
is complicated by the fact that the nitrogen in soils exhibits 
a high resistance to mineralisation, usually only 1 to 3% of 
it being mineralized during the growing season» This means 
that to study the nature of the mineralizable nitrogen in 
soils it is necessary to follow the changes which occur when 
soils are subjected to treatments which lead to significant 
(> 10$} mineralisation of soil nitrogen» Two approaches are 
possible here» One is to follow the changes which occur when 
soils are subjected to extensive cultivation and cropping, and 
this approach was adopted in recent work by Porter et al, 
(1964) and by Keeney and Bremner (1964)e The other is to 
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follow the changes which occur when soils are incubated under 
conditions which promote extensive mineralization of soil 
nitrogens and this approach has been adopted in the work 
reported in this section» The major advantages of this 
approach are that it eliminates the effects of crop residues 
on the changes in nitrogen distribution resulting from 
mineralisation of soil nitrogen and minimises sampling errors 
in studies of these changes<, 
Two incubation experiments were conducted. The first 
Involved incubation of 17 soils for 12 months under aerobic 
conditions and subsequent leaching of the incubated soils with 
water to remove the nitrate formed during incubation. The 
second involved incubation of 6 soils mixed with sand under 
aerobic conditions for 10 months 9 the soil-sand mixtures being 
leached with water at intervals to remove the nitrate formed 
during incubation and minimize nitrate immobilization by soil 
microorganismse Nitrate in the incubated soil samples was 
removed before analysis of these samples because preliminary 
work showed that some of the methods used to study the effects 
of incubation were affected by the presence of significant 
amounts of nitrate» 
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Materials and Methods 
Soils 
The soils used (Table 4) were air-dried surface (0- to 
6-inch depth) samples0 Samples 1 to 14 were among those used 
by Keenay and Bremner (1964) in studies of the effect of 
cultivation on the nitrogen distribution in soils. 
Incubation experiments 
Experiment 1 This Involved incubation of 17 soils 
(nos. 1 to I?) under aerobic conditions at 30°Co for 12 months0 
In the procedure used, 200 g. of soil (< 20 mesh) were inti­
mately mixed with 2 g. of powdered CaCO^  and 0.1 g. of < 100 
mesh Webster soil (no, 16)9 and the mixture was placed in a 
quart Mason jar and treated with $0 ml, of water. The jar was 
fitted with a rubber stopper having a small central hole (ça, 
5 mm. in diameter) 0 weighed, and placed in a constant-tempera­
ture (30® C,) cabinet for 12 months9 water being added at 
monthly intervals to compensate for water loss during incuba­
tion as determined by weighing the jar. After incubation of 
the soil sample for 12 months B the incubated sample was treated 
in the Mason jar with 400 ml, of water9 and the jar was stop­
pered and shaken for 5 minutes. The soil-water mixture was 
then filtered under suction and the soil residue was washed 
with 100 ml, of water9 allowed to air-dry3 ground to pass an 
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Table 4. Soils used in studies to identify the mineralizable 
nitrogen in soils 
Soil8, 
No. Type Great soil group Previous crop 
1 Austin ol Hendzina Virgin (pasture) 
2 Austin cl Hendzina Cotton 
3 Tama sill Branizem Virgin (pasture) 
4 Tama sil Brunisem Red clover seeding 
5 Muscatine sil Branizam Virgin (pasture) 
6 Muscatine sil Branizem Cora 
7 Hayden sil Gray-brom podzol Virgin (wooded 
pasture) 
8 HaycLen sil Gray-brom podzol Red clover seeding 
9 Grundy sil Branizem Virgin (old school 
yard) 
10 Grundy sil Branizem Alfalfa seeding 
11 EdiilB Sil Pianosol Virgin (railroad 
right of my) 
12 Edina sil Pianosol Red clover seeding 
13 Tama sil Branizem Virgin (pasture) 
14 Tama sil Branizem Com 
15 Ilarshall sicl Branizem Cora 
16 Webster sicl Hmaic-gXey Cora 
17 Glencoe sicl Humic-gley Cora 
18 Clarion sal Branizem Corn 
19 Marshall sicl Branizem Com 
20 Webster cl Humic-gley Alfalfa 
21 Heota sal Alluvial Wheat 
22 Fargo sic Chernozem Wheat 
Samples 1 and 2 were from Texas, sample 21 from 
Saskatchewan, Canada, and sample 22 from Minnesota? the remain­
der of the samples were from loua, el, clay loam; siic silt 
loam? sicl, silty clay loams sal, sandy loam? si©, silty clay. 
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80-mesh screeng and stored for analysis In an air-tight con­
tainer, The additions of Webster soil and CaGO^  were to ensure 
that ammonium formed during incubation of the soils used in 
this experiment would be nitrified» Preliminary work showed 
that several of these soils had a low capacity to nitrify 
ammonium but that the Webster soil had a high capacity and 
that addition of CaCOo and a very small amount of this soil to 
the soils with lot: nitrifying capacities led to nitrification 
of the ammonium produced during incubation of these soils» 
Experiment 2 This involved incubation of 6 soils 
(nos» 1? to 22) under aerobic conditions at 30°G« for 41 weeks 
with periodic leaching to remove the nitrate produced during 
incubation» In the procedure used0 100 g» of soil (< 100 
: * • 
mesh) were intimately mixed with 1 g» of powdered CaCOo and 
300 g» of P 60 mesh quartz sand» The mixture was transferred 
to a medlum-poroslty sintered-glass funnel (ça, 9 cm» x ?»5 
cm») fitted with a glass fiber filter paper (Whatman GP/A) and 
leached under suction with 500 ml» of water g suction being 
continued until the water content of the soil-sand mixture (as 
determined by weighing the funnel) was 15$° The funnel was 
then attached to an empty suction filtration flask (500 ml» ) 
and covered with a polyethylene bag (1»5 mil) g the mouth of 
the bag being sealed to the flask below the side arm with 
Scotch tape0 The incubation unit was placed in a constant-
temperature (30*0. ) cabinet and at intervals of 1, 29 40 6* 8g 
10$ l4g 20g and 31 weeks 9 the unit was removed from the 
cabinet, the polyethylene bag was detached, the leaching pro­
cedure was repeated8 and the unit was again fitted with the 
polyethylene bag and returned to the constant-temperature 
cabinete After incubation at 30°C« for 41 weeks9 the soil-
sand mixture was leached under suction with 500 ml. of water 
f  
and allowed to air-dry in the filter funnel„ The soil was 
then separated from the sand by sieving with a 100-mesîa 
screen, and the 3 10©*=mesh soil thus obtained was thoroughly 
mixed and stored for analysis in an air-tight container. 
Estimation of hydrolyzable forms of soil nitrogen 
The nitrogen distributions of the soils before and after 
Incubation were determined by the procedure recently described 
by Bremner (1965c)g which Involves estimation of the total N0 
ammonium M0 amino acid hydroxy amino acid and hezosamlne 
W released by hydrolysis with 6n HGl. 
Preparation of hydrolysafce Hydrolysis was performed 
by heating an amount of soil (< 80 mesh) containing about 10 
mgo of nitrogen with 20 ml» of 6ïï HGl under reflux for 12 
hours. The hydrolysis mixture was filtered under suction, the 
residue on the filter was washed with distilled water5 and the 
combined filtrate and washings were neutralized with HaOH and 
made to volume (100 ml0)» 
Analysis of hydrolysate The methods used for determi­
nation of different foras of nitrogen in the neutralised 
hydrolysate are outlined in Table 5» In each method9 an 
k$ 
Table 5= Methods of estimating different forms of nitrogen in 
soil hydrolysates 
Form of nitrogen Method0, 
Total M 
Ammonium N 
(Ammonium > hezosamlne)-
Hydroxyamino acid N^  
Amino acid W 
Steam distillation with NaOH after 
Kjeldahl digestion with H2S0^  and 
KgSO^ -catalyst mixture 
Steam distillation with MgO 
Steam distillation with PB "buffer 
Steam distillation with PB buffer 
after steam distillation with same 
buffer to remove (ammonium *$* 
hezosamlneand treatments with 
periodate to convert hydroxyamino 
acid N to ammonium H and uith meta-
arsenite to reduce excess periodate 
Steam distillation with PB buffer 
after treatments with NaOH (100°Go) 
to decompose hexosamlnes and remove 
ammonium and with ninhydrln (pH 
2e59 100°G„) to convert ©-amino N 
to ammonium N 
aIn each method the ammonia liberated by steam distilla­
tion is collected in boric acid-indicator solution and deter­
mined by titration with standard (0.00%) sulfuric aeido PB 
buffer is a solution of sodium phosphate and sodium borate 
(pH 11.2). 
b(Serine 4- threonine)-No 
I^ncludes hydroxyamino acid N„ 
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aliquot (5 to 10 ml.) of the hydrolysate was pipetted Into a 
50-ml, or 100-mle distillation flask designed for use with the 
steam distillation apparatus described by Bremner and Keeney 
(1965)0 After appropriate treatment of the sample, the flask 
was connected to this apparatus and the form of nitrogen under 
analysis was estimated by determination of the ammonium 
liberated by steam distillation for 2 to 4 minutes0 The 
fraction referred to as unidentified H ms calculated as the 
difference "between total hydrolyzable N and (hydrolyzable 
ammonium -$• hexosamine f amino acid)-H9 and nonhydrolyzable N 
ms calculated as the difference between total M and total 
hydrolyzable N» Analyses of the hydrolysis residues of four 
of the soils studied (nos„ 5» 60 11, and 12) showed that 
determinations of nonhydrolyzable and hydrolyzable H accounted 
for more than 99$ of the nitrogen in these soils» 
Results and Discussion 
Results of analyses of the soils before and after incuba­
tion are given in Table 30 (Appendix)0 and the averages of 
these results are given in Table 6» The data in Table 6 show 
that in both experiment8 incubation led to a marked reduction 
in the organic carbon and total nitrogen contents of the soils 
studied font,) on the average8 had little effect on the rati© of 
organic oarbon to nitrogen» The increase in pH on incubation 
is explained by the fact that GaGO^  {1% by weight) was added 
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Table 6. Averages of results obtained in analyses of soils 
before and after incubation 
Soils' 
A 
B 
B 
PH 
Organic 
C 
Total 
N 
G/N 
ratio 
4-
6.2 
7.9 
6.5 
7.6 
i m so] 
3o36 0.302 lid 
2.76 0.243 11»4 
Experiment 2 £6 soils) 
3-95 0.371 10.6 
3=36 0.303 11.1 
Ammonium 
(if jf* Am 
WE 
0.7 4o8 (144) 
1.2 7.2 (174) 
0.1 4.7 (174) 
0.1 5.6 (173) 
E, exchangeable § NES nonexchangeable„ Figures in 
parentheses are nonexchangeable ammonium N contents expressed 
as ppm. of soil, 
bA, before incubation? B„ after incubation. 
to promote nitrogen mineralization during Incubation. It is 
noteworthy that in experiment 1 incubation led to a signifi­
cant increase in the average nonezchangeable ammonium content 
of the soils used and that in both experiments incubation led 
to an increase in the proportion of total soil N in the fora 
of BOiicxeh&ngeable amionium. 
Table 7 shows the average amounts of nonhydrolyzable and 
hydrolyzable forms of nitrogen in the unincubated. and incubated 
soils expressed as ppm, and as percentages of total soil 
Table 7. Average nitrogen distributions of soils 
Soils' a 
Nonhydro-
lyzable N Total Ammonium 
of 
A 
A 
B 
24o3 (734) 
25.1 (609) 
28.1 (1041) 
2So2 (855) 
75.7 (2286) 
74.9 (1821) 
n*9 (2669) 
71.8 (2175) 
21.9 (660) 
25,1 (610) 
Experimsn 
oefore and after incubation 
Hessosamine Amino acid 
Hydrozy-
amino acid. 
Uniden­
tified 
lf> 
19.1 (710) 
21.0 (637) 
aAP before incubation^ Bs after incubation 
bTotal hydrolyzable M miras (hydrolyzable M 
figures in parentheses are amounts of N in 
total soil K — —-
liazasml 
5.6 (168) 26.8 (809) 
5=7 (139) 22.9 (557) 
2 16 soils) 
6o4 (238) 27.4 (1017) 
5.8 (176) 27.8 (843) 
5.6 (168) 
4.9 (118) 
5o5 (204) 
.5.3.(161). 
21.4 (649) 
22.2 (515) 
19.0 (704) 
17.2 (519) 
ttjnium + heorosamine + amino acid)-N. 
various fractions expressed as ppm. of soil. 
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It can be seen that although Incubation led to a marked 
decrease in the total amounts of the various forms of nitrogen 
determinedj it had, on the average„ very little effect on the 
percentage distribution of these forms of nitrogen. Examina­
tion of the data for the Individual soils (Table 319 Appendix) 
shows that the only consistent trends detectable in the per­
centage distribution data as a result of incubation were' 
decreases in the percentages of amino acid N and hydroxyamlno 
acid M and an increase in the percentage of hydrolysable 
ammonium Nc 
Table 8 shows the losses of different forms of nitrogen 
on incubation calculated as percentages of the loss of total 
soil No The data calculated in this way indicate the nitrogen 
distribution of the nitrogen lost during incubation, and the 
variation in the effects of incubation among soils noted pre­
viously can be more easily observed by examination of these 
data» It can be seen that the percentage contribution of 
different foras of nitrogen to the nitrogen mineralized during 
incubation ranged from 55 «2 to 95.90 for total hydrolyzable N, 
from -4o8 (i0e0S a net gain of k08fa) to 21,8$ for hydrolyzable 
ammonium Ea from -7.9 to 32.9^  for hesosaaine N, from 22„8 to 
88 08$ for amino acid Ng from 3=9 to 2f0l% for hydroxy amino 
acid and from =2So3 to ^ lc8$ for unidentified Hc However„ 
comparison of the data in Tables 7 and 8 shows that, in both 
experimentsj the average distribution of the nitrogen before 
Incubation was remarkably similar to the average distribution 
Table 8„ Losses of different forms of soil N on incubation calculated as percentage 
of total H loss 
Hydrolyzable N ' 
Hyiirozy-
Soil Nonhydro- Hezos- Amino amino Uniden-
No, lyzable H Total Ammonium amine acid acid tified NET 
onoaaacac9«aMC3isaa]jQ3S Oïi InCUb^ tiOn ( S- S /v? Of tO tSl ÎT T Qflsj oaocaww* «"'••«"'•'••-M"'*»"' 
Experiment 1 
1 23.0 77.0 3.9 0.6 65.2 3.9 7.3 -7.0 
2 36.2 63.8 -1.2 lOoO 45.8 9.8 9.2 0.0 
3 26.8 73.2 7.1 3.9 34.3 8.6 27.9 -7.0 
4 34.7 65.3 11.2 7.3 22.8 8.0 24.0 —6» 1 
5 28 o 5 71 = 5 10.3 11.2 30.9 6.8 19.1 — 8 < 0 
6 32.6 67.4 11.9 4.2 35.1 8.4 16.2 -9.3 
7 9.2 90.8 7.3 2.6 40.5 10.9 40.4 -3.0 
8 9.2 90,8 18.2 1.8 42 o 0 5.0 28.8 -3.8 
9 14.2 85=8 1606 1.6 51.6 606 16.0 -4.7 
10 28.3 71 = 7 17.2 -7.9 29.3 7.6 33.1 -7.4 
11 11 o 7 88.3 7.1 -1.8 46.2 7.5 36.8 -3.0 
12 26.7 73.3 18.1 -2.5 37.7 5=6 20.0 -6.4 
13 36.4 63=6 5.9. 10.7 35.1 9,3 11 o 9 -1 = 7 
14 20.3 79.7 18.5 2.9 36.9 7.9 21.4 — 2 . 1 
15 7.6 92.4 21.8" 12.0 31,5 5.9 27=1 0.0 
16 4.7 95.3 4.7 32.9 88.8 27.1 -25.3 —22.4 
17 l6e6 83.9 =4.8 7.4 64.7 13.3 16.6 =7 o 4 
Ave. 21.2 78.8 8o5 4.9 42.7 8.5 22.7 -5.1 
aHE0 nonexchangeable azmaonium No 
Table 8 (Continued), 
Soil Nonhydro-
No, lygable N Total Ammonium 
17 28o0 72o0 8.3 
18 33.5 060 5 11.3 
19 12 « 3 87.7 16.5 
20 4.1 95.9 9.1 
21 4408 55.2 11=4 
22 38o6 61 » 4 11.3 
Ave» 27.4 72 06 10.7 
Hydrolyzable N 
Hydroxy= 
Hezos- Amino amino Uniden=> 
amine acid acid tified NJs 
8.0 24.2 4.7 32.7 "°0,2 
13.7 27.0 8.3 14.2 0,8 
11,1 28.0 6.9 32,6 2.9 
6.3 39.8 8.0 41.8 —2 0 2 
15.6 20,6 8.3 7.8 0,0 
3.5 20,8 4,4 25.8 2,6 
9.1 25.6 6,3 27,2 =»0,6 H 
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of the nitrogen lost on incubation, I.e., excluding nones-
changeable ammonium, the loss of any particular fraction of 
soil N on incubation was, on the average, roughly proportional 
to the amount of nitrogen in that form before incubation. 
Table 9 shows the percent losses of different forms of 
nitrogen on incubation (i.e., the loss of each fora calculated 
as a percentage of the nitrogen in that form before incubation! 
The data in this table indicate the susceptibility of each 
form of nitrogen to mineralization and to facilitate examina­
tion of this data, the average percent losses of different 
forms of nitrogen on incubation, arranged in decreasing order, 
are presented in Table 10. It can be seen that in experiment 
1, the average percent losses of amino acid H, hydrozy amino 
acid M, unidentified M, and total hydrolyzable N exceeded the 
average percent loss of total N, and that in experiment 2, the 
average percent losses of unidentified N, hezosaaine N, hydro-
zy amino acid Ng and total hydrolyzable îm exceeded the average 
percent loss of total 
The hezosamine values reported in Tables ? and 31 (Appen­
dix) are not corrected for decomposition of hesosamine during 
acid hydrolysis. The appropriate correction factor, as caleu«= 
lated by Sowden's (1959) extrapolation technique, is abrnat 10SD 
and if this correction is applied, the values are very similar 
to those obtained in previous studies of the hexosàmine M 
contents of soils (Bremer and Shan, 1954; Stevenson, 1957ao b; 
Sowden, 1959)= The results obtained In the other analyses 
Table 9» Percent losses of different forms of N on incubation 
Soil 
No. 
Total 
N 
Nonhydro-
lyzable N Total Ammonium 
Hezos-
amine 
Amino 
aeiâ 
-Percent loss on incubation-
Hydrolyzable N 
Hydroxy-
amino 
acid 
Uniden­
tified NE 
Experiment 1 
1 17.8 17.4 18.0 3.8 2.1 33.8 15.7 7.1 •=26 e 1 
2 22.0 41.6 17.3 -1.5 32.4 38.1 46.0 7.0 0.0 
3 20=6 17 » 3 22.1 6.8 19.6 36.3 31.6 24.7 -19.2 
4 21o7 21.9 21.5 11.2 33.3 27.8 31.4 24.3 -13.2 
5 24o3 37.6 21o3 10.2 47.7 28.4 28.2 18.4 -38,1 
6 17.9 27.0 15.4 8.2 12.9 27.8 27.3 12.1 -26.8 
7 20.5 8.3 24.1 7.6 9.4 28.4 38.0 37.0 -20.2 
8 37.3 17.1 42.4 33=0 15.5 50.6 40.3 44.7 -29.2 
9 24.5 15.9 26.9 18.3 60 3 39.8 29.9 21.9 -24.1 
10 20.4 22.9 19.5 14.0 -22.3 24.4 29.4 34.1 -19.1 
11 25.1 12 0 2 29.2 7.8 =9o 4 39-4 29.9 49.4 —18 • 9 
12 15.4 19.7 14.3 10.6 - =8.6 23.7 15.9 13-0 -15.5 
13 26,6 35.7 23.1 6.7 55.3 35=1 41.3 17.5 -9.7 
14 22.9 18.0 24.6 16.9 11.9 39.2 32.9 22.2 —8.7 
15 18.4 8.5 2lo0 16.7 26.8 24.6 21.5 19.8 0.0 
16 4.9 1.5 5.5 1.1 20.3 14.1 21.9 =6.5 -36.2 
17 11.2 5.9 13.5 -3.1 16.4 25.7 27.6 9.8 -49.4 
Ave» 19.5 17.0 20.3 7.6 17.3 31.1 29.5 20.6 —20.8 
Vn VuO 
aNEg nonexehsngeable ammonium N 
Table 9 (Continued)<, 
Hydrolyzable N 
Soil Total Nonhydro- Hexos- Amino amino Uniden­ a 
NOo N lyzable N Total Ammonium amine aeid a© id tified NE 
17 14.3 13.2 14,9 7.2 
ent 2 
23.0 11 = 3 12.6 24.0 -1.2 
18 25.0 31.1 22.7 14.1 34.7 27=7 37.6 19=1 4.0 
19 26.3 15.8 29.1 17.9 26.5 30.0 33.6 43.8 6.1 
20 19.5 4.0 23.3 8.4 17.3 26=3 26 = 4 36.1 -11.1 
21 16.8 25.2 13.2 9.9 39.1 13.1 23.6 7.1 0.0 
22 21.4 25.6 19.4 11.9 16.2 lOoO 18.3 37.4 8.6 
Ave. 18.3 17.8 18=5 10.3 26.0 17.1 21ol 26.3 2.3 
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Table 10. Average percent losses of different forms of 
nitrogen on incubation of soils 
Form of N Percent loss 
eriment 1 (17 soils) 
Amino acid 31 »1 
Hydroxyamino acid 29.5 
Unidentified 20,6 
Total hydrolyzable 20,3 
TOTAL 19o5 
Honhydrolyzable 17„0 
Hydrolyzable ammonium 8,5 
Hexosamine 7.0 
Nonexchangeable ammonium =20,8 
Experiment 2 (6 soils) «iiiiHimvaa—ciiimwi.'iiBJUt"» «=» eBsaBBSaeaéesaasû* 
Unidentified 26,3 
Hexo samine 26,0 
Hydroxy amino acid 21,6 
Total hydrolyzable 18,5 
TOTAL 18.3 
Nonhydrolyzable 17.8 
Amino acid 17,1 
Hydrolyzable ammonium 100 3 
Nonexchangeable ammonium 2,3 
reported in Tables 7 and 31 are also similar to those obtained 
in previous studies of the nitrogen distributions of surface 
soils after acid hydrolysis (Kojlma* 1947s Bremer, 1949, 
1959$ Rendigs 1951; Stevenson g 1954g 1956g 1957b; Young and 
Hortensens 1958; Cheng and Van Hove, 1964; Keeney and Bremer0 
1964). 
The origin of the ammonium released by acid hydrolysis of 
soils (sometimes referred to as "amide HE9) is still obscure. 
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Some of this ammonium is formed by hydrolysis of amide groups 
and by deamination of hexosamine s and other organic N com­
pounds known to occur in soils, but the amount liberated is 
considerably in excess of the quantity that can satisfactorily 
be accounted for by these processes (Brearner» 1949s Bresaner 
and Shawg 1954? Stevenson, 19540 19569 1957&S Souden9 1958, 
1959s Brennerg 1959)« Some of the ammonium liberated by 
hydrolysis of the soils used in this work was undoubtedly 
derived from the nonexchangeable ammonium in these soils, be­
cause it has been demonstrated that the hydrolysis procedure 
adopted releases a considerable fraction of the nonexchangea­
bl e ammonium in mineral soils (Bremer, 1959) » This provides 
at least a partial explanation of the finding that incubation 
led to an increase in the percentage of hydrolyzable ammonium, 
because incubation also led to an Increase in the percentage 
of nonexchangeable ammonium (see Tables 6 and 30)« 
The results of this investigation leave very little doubt 
that the native non exchangeable ammonium in soils is practi­
cally unavailable to soil microorganisms and that there are 
marked differences among soils with regard to the percentage 
contributions of hydrolyzable and nonhydrolyzable forms of soil 
nitrogen to the nitrogen that is most readily mineralised and 
thus made available for plant growth. These conclusions are 
supported by the results obtained in studies of the effect of 
cultivation on the nitrogen distribution in soils (Keeney and 
Br earner g 1964) » They Indicate that any chemical method of 
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assessing the availability of soil nitrogen based solely on 
determination of hydrolyzable or nonhydrolyzable forms of soil 
nitrogen will prove unsatisfactory» 
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SECTION V. AEROBIC INCUBATION METHOD OF ESTIMATING 
READILY MINERALIZABLE SOIL NITROGEN 
Introduction 
The problems associated with development ©f a satis­
factory aerobic incubation method of estimating readily, 
mlneralizable soil nitrogen and the defects of various incuba= 
tion methods used for this estimation have been discussed in 
Section II, It is clear from this discussion that the follow­
ing qualities are desirable in the method employed for incuba­
tions 
l o  It should not involve preliminary leaching of the sample 
with water or use of amendments which affect the rate of 
nitrogen mineralization during incubation. Also, it is 
clearly desirable that the technique should not require 
preliminary analyses to determine the amount of water 
required for incubation, 
20 The conditions of incubation should be such that the 
temperature5 water content, and aeration are conducive to 
mineralization and are readily standardized for soils dif° 
ferlng in water-retaining properties <> The aeration 
technique should be simple and effectiveg and it should 
not lead to significant change In the water content of the 
sample during Incubation. For optimal nitrification* the 
temperature should not esceed 35°G<> 
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3. The method used for determination of the mineral nitrogen 
produced during Incubation should determine the total 
mineral nitrogen formed9 i»e0$ (exchangeable ammonium 4-
nitrate + nltrite)-N. It should be simple, accurate„ and 
specific, and should not be subject to interference by 
organic or inorganic soil constituents, 
4, The procedure should be applicable without modification to 
a wide variety of soils and should give reproducible 
results with both field-moist and air-dried soils. Also, 
it should be simple enough to be suitable for routine 
testing» 
The incubation method described in this section has been 
found to meet these requirements. It is based on the finding 
that the amount of water required for maximal aerobic mineral» 
ization of nitrogen during incubation of soils is practically 
the same for different soils (ça, 6 ml, per 10 g, of soil) if 
the soil sample is mixed with three times its weight of 30= to 
60-mesh quarts sand before incubation. In the method devel­
oped;, the soil sample (10 g,) is mixed with 30» to 60=»mesh 
quartz sand (30 g. ) and the mixture is moistened with water 
(6 ml.) and incubated at 30°G, for 14 days wider conditions 
which ensure adequate aeration of the sample without loss of 
waterj aeration being effected by a plastic device which per» 
mits diffusion of air and respiratory gases but does not allow 
passage of water vapor. The amount of (exchangeable araraima 
nitrate 4* nitrite)-! in the incubated sample is then 
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estimated by extracting the sample with 2N KOI and determining 
the ammonia H liberated by steam distillation of an aliquot of 
the extract with MgO and Devarda alloy. The amount of 
(exchangeable ammonium + nitrate *5» nitrite)-N in the soil-sand 
mixture before incubation is determined by the same procedures 
and mineraltzable W in the soil sample is calculated from the 
difference between the results of these two analyses„ 
Description of Method 
Agpars tus 
Steam distillation apparatus The apparatus used has 
been described ( Br earner and Keeney s 1965)0 It is designed so 
that flasks fitted with standard-taper (19/38) ground-glass 
Joints can be used as distillation chambers. Before use* the 
apparatus should be steamed out for about 10 minutes to remove 
traces of ammonia and the rate of steam generation should be 
adjusted so that 7 to 8 ml. of distillate are collected per 
minute» 
Distillation flasks The flasks used are 100-ml» 
Kjeldahl flasks fitted with standard-taper (19/38) ground-
glass Joints and glass hooks so that they can be connected to 
the steam distillation apparatus by spiral steel springs with 
loop ends. Their dimensions should be such that when the 
flasks are connected to the steam distillation apparatus„ the 
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distance "between the tip of the steam inlet tube and the 
bottom of the flask is approximately 4 mm. 
Hlcroburette 5 ml,„ graduated at 0»01-mle intervals. 
Aeration devices The devices used are designed for 
closure of 16 mm. culture tubes and are available commercially 
under the trade names of Res-Gaps (Bio-Tech$ Ince 9 205 
Broadways Cambridge 38$ Hass=) and Bacti-Capalls (Scientific 
Products$ 4700 Wo Chase Av®»p Chicago0 111» 5 o 
Potassium chloride solution, approximately 2N Dissolve 
1500 go of reagent grade KC1 in 8 liters of water and dilute 
the solution to a volume of 10 liters„ 
Magnesium oside Heat heavy magnesium aside (U»S»P0) 
in an electric muffle furnace at 600° to 700°Ge for 2 hours « 
Cool the product in a desiccator containing KOH pellets and 
store it in a tightly stoppered bottle, 
Devarda alloy Ball-mill reagent grade alloy until the 
product will pass a 100-mesh screen and at least 75% of it 
will pass a 300-mesh screen (Bremner and Keeneyg 1965)0 Store 
the finely divided alloy in a tightly stoppered bottle0 
Boric acid~indicator solution Prepare as described by 
Bremner and Keeney (1965)° 
Sulfuric acid O0OO5M standard» 
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Procedure 
Mix a 10-g, sample of air-dried, sieved (< 2 mm,) soil 
with 30 g0 of water-washed9 30- to 60-mesh quartz sand in a 
100-mlo beaker and transfer the mixture to an 8-oz» (or 250 
ml.), wide-mouth square bottle containing 6 ml® of water» 
(Suitable bottles can be obtained from E„ H» Sargent and Co», 
Chicagog 111») Distribute the mixture evenly over the bottom 
of the bottle during this transfer and tap the bottle gently 
to level the surface of the mixture when the transfer has been 
completed» Pit the neck of the bottle with a rubber stopper 
having a central hole (16 to 1? mm» in diameter) sealed 
tightly with an aeration device and place the bottle in a 
constant-temperature cabinet at 30oC„ After 14 days, remove 
the stopper carrying the aeration device, add 100 ml» of 2N 
KC1, and fit the neck of the bottle with a solid rubber 
stopper» Shake the bottle for 1 hour on a mechanical shaker 
and allow the suspension to stand until the soil-sand mixture 
settles and the supernatant liquid is clear (usually 30 to 60 
minutes ) » Pipette a 20«=mlo aliquot of the supernatant liquid 
into a 100-mlo distillation flask using a pipette with a wide 
tip s and determine the amount of (exchangeable ammonium 4* 
nitrate 4* nitrite)-N in the incubated soil-sand mixture by ' 
collection and titration of the ammonia liberated by steam 
distillation of this aliquot with 0,2 g0 of magnesium ©side 
and 0o2 g» of Devarda alloy as described by Bremer and Keeney 
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(1965) 0  Determine the amount of (exchangeable ammonium + 
nitrate + nitrite)-N present in the soil-sand mixture before 
incubation by the procedure used for analysis of the incubated 
mixture, and calculate minerallzable N in the soil sample from 
the difference between the results of these two analyses0 
Development of Method 
Soils 
The soils used were surface (0= to 6=-inch depth) samples 
selected to obtain a wide range in physical and chemical 
characteristics» Before use, the samples were air-dried and 
gently crushed to pass a 2-am. screen, Results of physical 
and chemical analyses of most of the soils used are given in 
Table 11„ 
Hater level and amendment 
As noted in the Introduction, the method developed is 
based on the finding that the amount of water required for 
maximal aerobic mineralization of nitrogen during incubation 
of soils is practically the same for different soils (cae 6 
ml» per 10 g„ of soil) if the soil sample is mixed with three 
times its weight of 30= to 60=mesh quartz sand before incuba­
tion. This finding emerged from studies of the water-holding 
capacities of soil-sand mixtures and of the water levels 
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Table 11, Soils used in studies to develop an aerobio 
incubation method of estimating readily minerallza­
ble nitrogen in soils 
Particle size 
Soil' distribution 
No. Typea Sand Silt Clay PH 
Organic 
carbon 
Total 
nitroge 
% % 0 % % 
101 Meota sal 57 27 16 6.3 3.39 0.309 
102 Nicollet 1 51 28 21 6,9 1.53 0.168 
103 Vïeller s il 1 77 22 6,5 2,14 0=212 
104 Webster cl 22 45 33 606 3.19 0.277 
105 Grundy slcl 6 57 37 6.3 2.03 0.190 
106 Marshall slcl 2 60 38 4.8 2.12 0.209 
10? Melfort slcl 18 43 39 7.5 5.28 0.368 
108 Glencoe siol 10 51 39 8.0 4,05 0.391 
109 Fargo c 27 30 43 7.9 3,26 0.322 
110 Houston o 7 38 55 7.9 2.33 0.195 
111 Indian Head c 7 29 64 7.5 3.03 0.298 
112 Regina c 2 31 67 7.5 2.55 0.261 
113 Uaco o 7 21 72 7.9 1.60 0.154 
asal9 sandy loams 1, loam; sils silt loams el, clay loams 
sicl, silty clay loamg c3 clay. 
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required for maximal aerobic mineralization of nitrogen during 
incubation of soils and soil-sand mixtures. Some of the 
results obtained in these studies are presented in Tables 12 
and 13, They illustrate the following findings: 
1, When 10 g, samples of soils having widely different 
textures are mixed tilth 30 g, of 30=* to 60-mesh sand, the 
average water-holding capacity of the mixtures is about 12 
ml,g and when 6 ml, of water (equivalent to $0$ of this 
average value) are added to such mixturesB the resulting 
water level is between 40 and 58$ of the water-holding 
capacity of each mixture (Table 12), l.e.9 within the 
range found to give maximal aerobic mineralization of 
nitrogen during incubation of soils (see Section. II), 
2, The range in water level at which nitrification occurs when 
10 g, samples of soil are incubated is greatly increased 
by mixing the samples with 30 g, of sand (Table 13 )» 
3, The amount of nitrogen mineralized by aerobic incubation 
of a mixture of 10 g, of soil and 30 g, of sand with 6 ml. 
of water is practically the same as the maximal amount 
mineralized when the soil sample is incubated under 
aerobic conditions without prior addition of sand (Table 
13). 
The latter finding is confirmed by the data presented in 
Figure 1, which shows the amounts of nitrogen mineralized by 
incubation of 23 soils under aerobic conditions in the 
presence and absence of sand. In the incubations involving 
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Table 12. Water-holding capacities of soil (10 g.)ssand 
(30 g. Î mixtures 
Water-holding capacity 
Soil No,, of mixture (ml.)a 
101 11,0 (55) 
102 11.1 (54) 
103 11 o 6 (52) 
104 12 o0 (50) 
105 10,4 (58) 
106 10,4 (58) 
107 11,6 (52) 
108 12 04 (48) 
109 11 o 3 (53) 
110 14.1 (43) 
111 12.6 (48) 
112 14=0 (43) 
113 15-0 (40) 
Average 12.1 (50) 
^Figures In parentheses represent mater level in incuba­
tion method described (6 ml.) calculated as percentage of 
water-holding capacity of soil-sand mixture® 
addition of sand, 10 g0 samples of the soils were mixed with 
30 g. of 30- to 60-mesh quartz sand, treated with 6 ml0 of 
water, and Incubated at 30°Co for 14 days in 8-oz. bottles 
fitted with Hes-Gapso In the incubations in which sand was 
not added, 10 g. samples of the soils were treated with an 
amount of water equivalent to $0% of the water-holding 
capacity of the sample and incubated at 3Q0Go for 14 days in 
8-oZc bottles fitted with Bes=»Gaps0 The soils used were 
selected to obtain a wide range In pH, textureg and total 
nitrogen content and included the 13 samples described In 
Table 13° Effect of water level on nitrate production during incubation of soils 
and. soil-sand mixtures 
Sample incubatèda Water level during incubation (mlo) 
Soil Sand 2 4 6 8 10 12 16 
.b go go «—Nitrate N produced (ppm, of soil) 
Meota sandy loam (soil 101) 
10 0 29 (0) 7 (0) 0 (1)° 0 (12)c 0 (34)° 0 (43)° 0 (45)° 
10 10 28 (0) 27 (0) 14 (0) 0 (0)6 0 (2X)C 0 (4l)c 0 (42)° 
10 30 24 (0) 28 (0) 28 (0) 18 (0) 0 (3) 0 (38)° 0 (4l)° 
Webster clay loam (soil 104) 
10 0 30 (0) 26 (0) 7 (9) o (14)° 0 (34)0 Q (3g)C 0 (33)0 
10 10 22 (0) 30 (0) 14 (6) 0 (6) 0 (14)0 0 (32)0 0 (35)0 
10 30 21 (0) 30 (0) 31 (0) 30 (0) 23 (0) 0 (3)0 0 (33)° 
Mgina clay (soil 112.), 
10 0 19 (0) 24 (0) 1 (3) 0 (8)° 0 (21)° 0 (29)° 0 (31)° 
10 10 16 (0) 22 (0) 24 (0) 7 (0) 0 (12)0 0 (25) 0 (28)° 
10 30 5 (0) 22 (0) 24 (0) 24 (0) 19 (0) 7 (0) 0 (18)° 
aIncubated at 30°Co for 14 days in 8-oz = bottle fitted with Res-Cap, 
F^igures in parentheses are amounts of exchangeable ammonium produced (ppm® of 
soil)o Only trace amounts of nitrite N were detectedo 
cSample was visibly waterlogged. 
68 
80 
ti H 
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•H 
20 
10 0.99 (P < 0,001) 
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N mineralized in presence of sand 
(ppm, of soil) 
Figure lo Relationship between amounts of N mineralized 
during aerobic incubation of soils at 30°C, for 
14 days in the absence and presence of sand (23 
soils) 
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Table 11. 
The sand required for the incubation method developed 
can be readily prepared from the "pure white, washed and 
screened, silica sand6' supplied commercially for preparation 
of plaster. This product contains only trace amounts of 
nitrate or nitrite and consists largely of 30- to 60-mesh 
particles. It sometimes contains small amounts of ammonium 
and water-soluble materials, but these impurities are easily 
removed by treatment with water. It is recommended that sand 
which has been screened and washed for use in the method 
developed be stored in an air-tight container, because 
significant amounts of ammonium were detected In originally 
ammonium-free sand after it had been stored for several weeks 
in paper bags or other types of containers which were not air­
tight. 
The technique used to moisten the soil-sand mixture for 
Incubation is unusual in that the water is added to the incu­
bation bottle before addition of the soil-sand mixture and no 
mixing is performed after this addition. This simple proce­
dure was adopted because it was found to give more reproduci­
ble results than the conventional technique involving addition 
of water to the soil-sand mixture followed by mixing to ensure 
even distribution of water0 
The incubation method described is readily applicable to 
field-moist soils„ When field-moist soil is used, the weight 
of the sample should be equivalent to 10 go of dry soil9 and 
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the amount of water added should be (6 - x) ml,, where x is 
the amount (ml,) of water present in the sample taken for 
incubation (as determined by drying at 105°C«). 
Aeration 
The plastic closure devices used for aeration were found 
to be very effective in maintaining aerobic conditions and in 
preventing loss of water during incubation» This is illus­
trated by Table 14 9 which shows the amounts of nitrogen 
mineralized and water lost on incubation of soils at 30°Go 
using these devices and other methods of aeration during 
incubation. It was anticipated that the relatively large (cs0 
250 ml,) bottle used for incubation would contain sufficient 
oxygen for aeration of most soils even if the bottle were kept 
stoppered throughout the incubation period and this was con­
firmed by the experiments reported in Table 14» However, some 
method of aeration seems desirable, and the plastic aeration 
devices adopted are very convenient. Little loss of water 
occurred when the mouth of the incubation bottle was covered 
with polyethylene film and the results obtained using this 
method of aeration were similar to those obtained using the 
plastic devices (Table 14)0 
Table 15 shows that the mineraltsable N values obtained 
by incubation of soil-sand mixtures using 30 g„ of sand and 6 
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Table 14. Effect of method of aeration on nitrogen minerali­
zation and water loss during incubation of soils® 
Method of aeration^  
Soil No. A B C D E F 
-M mineralized (ppm= of soil) 
104 27 25 27 30 30 30 
105 74 70 70 73 74 73 
109 34 32 34 34 35 35 
104 0 6=9 1.4 0=5 0 0 
105 0 7o0 1.6 0.5 0 0 
109 0 7.1 1.5 0.4 0 0 
fixture of soil (10 g= ) and sand (30 g=) in 8-oz = bottle 
was treated with 6 ml= of water and incubated at 30°C. for 14 
days. 
bA9 none (bottle was kept stoppered)i Bs bottle was left 
open to atmosphereg water being added daily to compensate for 
water loss% C, bottle was stoppered, but air was admitted at 
3-day intervals during incubation? Bs mouth of bottle was 
covered with 1.5 mil polyethylene film? E9 bottle was stop­
pered with rubber stopper fitted with Res-Cap; F, bottle was 
stoppered with rubber stopper fitted with Bactl-Capall, 
ml. of water per 10 g= of soil were not significantly differ­
ent if 5s 10, 15s or 20 go of soil were used. The 10 g. of 
soil method was adopted because it had higher precision than 
the 5 go of soil method and was as precise as those involving 
15 or 20 g. of soil. 
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Table 15» Effect of sample size 
Sample incubated81 Soil NOe 
Soil Sand Water 104 107 109 
8. go ml. N mineralized (ppm0 of soil) 
5 15 3 29 75 34 
10 30 6 30 74 35 
15 45 9 29 75 34 
20 60 12 31 75 35 
with 
aIncubated at 
Res-Gap» 
o
 
o
 o for 14 days in 8= -oZo bottle fitted 
Time and temperature of Incubation 
Table 16 shows the effects of varying the time and tem­
perature of incubation on the amount of nitrogen mineralized 
by incubation of mixtures of 10 g0 of soil and 30 g» of sand 
treated with 6 mlc of water0 Mineral nitrogen production at 
30°Co increased with increase in the time of incubation^  and 
the amounts of nitrogen mineralized on incubation at 35°Go for 
14 days or at 40°Co for 7 days were greater than the amounts 
mineralized at 30°Go for 14 days. With the exception of soils 
103 and 106s which did not nitrify readily at any temperature 
testedg the nitrogen mineralized at 30° or 35°G« was almost 
completely nitrified» With every soil tested the nitrogen 
mineralized at 40°Go was largely in the form of exchangeable 
Table 16o Effects of time and temperature of incubation on nitrogen mi 
Conditions of Incubation 
Time 3?emp0 
a Soil No< 
102 103 104 105 106 107 108 109 110 111 
neralization 
days 
7 
14 
21 
14 
7 
°Go 
30 
30 
30 
35 
40 
-Mineral N produced (ppm« of soi 
20b 58° 
23b 70° 
30* 79* 
28b 71° 
26° 78° 
21b 57b 24° 44b 321 26b 16 
30b 75b 44° 58b 401 35b 22 
38' 91b 59° 63b 52b 44b 27 
33b 8lb 53° 67b 47* 39b 29!) 55b 
32° 92° £L° 96° 51° 51° 38° 96° 
aMisture of soil (10 g.) and sand (30 go) was treated with 6 ml» of water and 
incubated in 8=02„ bottle fitted with Res~Gap0 
b98°100^  of the mineral N produced was in the form of nitrates th^  remainder 
being in the form of exchangeable ammonium» 
1). 
27 
431 
53 b 
Ave, 
32 
44 
53 
50 
61 
°95-10Q$ of the mineral N produced was in the form of ezchangeabl 
the remainder being in the form of nitrate» 
ammonium i, 
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amaoniumg i0e09 nitrification was inhibited or greatly 
retarded when incubation was performed at this temperature * 
The results obtained by the recommended incubation method 
(30°Cee 14 days) were highly correlated with those obtained by 
incubation at 30°C<, for 7 or 21 days and by incubation at 35°C„ 
for 14 daysg but were not significantly correlated with those 
obtained by incubation at 40° G „ for 7 days (Table 17)0 The 
method involving incubation at 30°Go for 14 days was adopted 
because the results of this method were more precise than 
those obtained by incubation at 30°Go for 7 days or at 35°Go 
for 14 day s s, and were as precise as those obtained by incuba­
tion at 30°Go for 21 days» 
Table 17» Correlation coefficients for relationships between 
results obtained by incubation at 30°C. for 14 days 
and those obtained using other conditions of 
incubation 
Conditions of incubation 
Correlation 
Time Temperature coefficient (r) 
days °Co 
7 30 0.96 
21 30 0.88 
14 35 0=96 
7 40 n.s. 
< 0.63, not significant (n.s.); r > 0o76s P = 0o01o 
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Determination of nitrogen mineralized 
The finding that some soils do not have the capacity to 
nitrify ammonium under conditions conducive to nitrification 
(Table 16) emphasizes the importance of determining the total 
mineral nitrogen produced during incubation as in the method 
described» The steam distillation method adopted for determi­
nation of ( exchangeable ammonium nitrate 4 nitrite)-N pro­
duced during incubation is simple, rapid, and precise, and, 
unlike other methods which have been used for estimation of 
inorganic nitrogen in soils, it is not subject to interference 
by inorganic or organic soil constituents and is applicable to 
turbid or colored extracts (see Bremner and Keeney, 1965)0 
Another important advantage of this steam distillation method 
is that it is applicable to unflltered extracts. Tests using 
soils 104, 106, 1079 1099 1109 and 112 showed that the results 
of analyses of the supernatant liquid obtained by allowing the 
soil-sand suspension to settle after treatment with 2N KOI were 
identical tos and as precise as, those obtained when the 
extract was filtered before analysis. Also, tests using these 
soils showed that results obtained in analyses of suspensions 
obtained by shaking Incubated and unincubated soil-sand mix­
tures with 2N KG1 were not affected if the suspensions were 
stored for up to 24 hours at room temperature before analysis, 
and that extracts obtained by filtration of these suspensions 
were stable for several months if stored in a refrigerator» 
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Precision 
The high precision of the incubation method developed is 
illustrated "by Table 18, which shows the reproducibility of 
the results obtained with air-dry samples0 Similar precision 
was obtained with field-moist soils» For example9 the coef­
ficients of variation of the results obtained in 6 analyses of 
field-moist samples of soils 104 and 106 were 3=4 and l»5$s 
respectivelyo 
Discussion 
The use of amendments in incubation methods of obtaining 
an index of the availability of soil nitrogen has been criti­
cized (Harmsen and van Schreven, 1955) but the work reported 
here shows that there is no valid objection to the use of 
sand. Unlike other amendments used in incubation methods 
(e.g., vermiculite)s sand is neutral and inertg and has no 
exchange properties or capacity to fix ammonium 0 Also g the 
experiments reported in Figure 1 and Table 16 show that addi­
tion of sand does not affect the amount of nitrogen mineral­
ized when soils are incubated under aerobic conditions and the 
water level is optimal for nitrification0 
The advantages of the incubation method developed can be 
summarized as follows s 
1» It is simple and precise^  and Is suitable for routine use 
\ 
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Table 18c Precision of incubation method described 
N mineralized (ppm. of soil)8. 
Coefficient of 
Soil No. Bangs Average variation (#) 
103 34-38 37 3.9 
104 29-31 30 3.1 
105 73-77 75 1.7 
106 42-4? 44 3.9 
108 40-41 40 1.9 
109 32-37 35 4.5 
aSix analyseso 
in soil testing laboratories. 
2. It does not require preliminary analyses to determine the 
amount of water required for incubation and is applicable 
to soils of widely varying textures. 
3. The aeration technique is simple and effective and it does 
not lead to changes in the water content of the sample 
during incubation. 
4. The method used for estimation of the amount of nitrogen 
mineralized during incubation determines the total mineral 
N producedg and is simple5 accurate and specific0 
Studies to evaluate this incubation procedure as a method 
of obtaining an index of soil nitrogen availability are 
described in the next section. 
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SECTION VI. EVALUATION OF INCUBATION METHODS 
Introduction 
The objectives of the work described in this section were 
to evaluate incubation procedures as methods'-©f obtaining an 
index of the availability soil nitrogen to plants and to 
determine the effects of air-drying and of air-dry storage of 
soil samples on the results obtained by these procedures. The 
incubation procedures studied were the aerobic method described 
in Section V, the anaerobic incubation procedure recently pro­
posed by Waring and Bremner (1964a), and a modification of 
this procedure. The methods were evaluated by applying then 
to 25 Iowa surface soils and comparing the results with those 
obtained in a greenhouse study of the availability of the 
nitrogen in these soils to ryegrass. 
Materials and Methods 
Soils 
The soils used (Table 19) were surface (0- t© 6-lnoh 
depth) samples collected in September 1964» They were selected 
to include many of the major soil types in Iowa and to obtain 
a wide range in chemical and physical characteristics. All 
samples were taken from areas that had net been treated with 
Table 19, Soils used in evaluation of laboratory methods of assessing the 
availability of soil nitrogen 
Soil 
1964 
Typo0, N©o Great soil group Location in Iowa crop0 
201 Clyde sil Humic gley Howard Co» Exptl0 Fana 0 
202 Marcus sicl Humic gley No Eo Ia0 Exptl. Farm 0 
203 Prlmghar siel Brunisem No Eo Ia0 Exptl« Farm S 
204 Galva sicl Brunizem No Eo Ia= Exptl» Farm S 
2G5 Floyd 1 Bbunisem Howard Go» Exptl0 Farm s 
206 Moody siel Chernozem Moody Exptle Farm M 
20? Glenooe 1 Humic gley New Agr©n0 Farm, Boone G 
208 Sao sicl Brunizem No E0 la» Exptlo Farm S 
209 Webster ol Humic gley GId Agron» Farm, Ames 0 
210 Muscatine sicl Brunizem S» Eo Polk Go» A 
211 Gresco 1 Brunisem Howard Go. Exptl» Farm S 
212 Nicollet 1 Brunisem Old Agron» Farm, Ames 0 
213 Clarion sal Brunisem Old Agron» Farm, Ames 0 
214 Grundy siel Brunizem Shelby-Grundy Exptl„ Farm F 
215 Tama sil Brunisem S» E» Polk G©» A 
216 Napier sil Brunizem Western la» Exptl.» Farm A 
217 Shelby ol Brunizem Shelby-Grundy Exptl» Farm G 
218 Fayette siel Gray «-brown podzol S» E» Polk Co» A 
219 Hayden sal Gray-brown podzol Pammel Woods, Ames V 
220 Edina sil Pianosol Southern la» Exptl» Farm S 
221 Monona sicl Brunisem Western la. Exptl. Farm M 
222 Marshall sicl Brunizem Soil CenSo Exptl. Farm F 
223 Ida sil Lithosol Western !a0 Exptl» Farm F 
224 ïliuman sa Brunizem Old airport. Independence 0 
225 Buclmer sa Alluvial S» Eo Polk Go» S 
asll, silt loom; siel, oilty clay loams 1» learn; sal, sandy loam; sa, sand» 
feQ, oats| S, soybeans; M, meadow; G, Qomi A, alfalfa; F, fallow; V, virgin 
forest» 
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nitrogenous fertilisers in recent years. The soil types 
represented have been described In detail by Osohmld et al, 
(1965)o 
At the sampling site, each field-moist bulk sample (oa. 
20 kg.) uas sieved through a 6-mm. screen and thoroughly 
mixed, and the sieved sample ms transported to the laboratory 
in a sealed polyethylene tog and placed in a low-temperature 
(-5°Co) cabinet. After storage at -5°C. for 12 days, the 
frozen sample ms aliened to than at room temperature and tu© 
5-kg. subsamples were taken. One subsample was used immedi­
ately for the greenhouse experiments described in Section III? 
the other us sieved rapidly through a 2-mm. screen and stored 
in a sealed polyethylene "bag at -5°C. for the incubation 
studies described below and for the chemical studies described 
in Section VII, The field-moist samples used in these studies 
were obtained by allowing the frozen < 2 mm. samples to thaw 
at room temperature immediately before use. The air-dried 
samples used were obtained by allowing these thawed samples to 
dry at 20° to 22°G. for 40 to 48 hours. To promote drying; 
the thawed soil was spread out in a thin layer (oa. 2 cm.) on 
©lean paper and a small electric fan was used for air circula­
tion, The relative humidity of the atmosphere during drying 
was 20 to 22^ 0 and moisture analyses showed that, under the 
conditions used, air-drying wao complete within 36 hours, The 
dried samples were gently crushed to pass a 2 mm, screen and 
either used immediately for incubation or chemical studies 
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Involving freshly air-dried soils or stored at room tempera­
ture in tightly sealed glass containers for studies Involving 
air-dried and stored soilsc Subsamples of air-dried soils 
stored for 1, 2S 4$ 89 l69 and 24 weeks were used in the 
incubation studies described below. 
Greenhouse study 
The availability of the nitrogen in the 25 loua soils 
described in Table 19 was studied by greenhouse experiments 
involving determination of the amounts of dry matter and 
nitrogen In three cuttings of ryegrass grown on these soils„ 
Details of these experiments are given In Section 111= 
Aerobic incubation method 
The method used was the procedure described in Section V» 
Anaerobic Incubation methods 
Two anaerobic incubation methods were usedo One was the 
method described by Waring and Bremner (1964a) which involves 
incubation under waterlogged conditions at 3©°C0 for 14 days. 
The other was a modification of this procedure in which incuba­
tion was performed at 40°C„ for 7 days» In all other respects 
the two methods were identical0 In the procedures used* 5 G« 
of soil were added to 13 elL0 of water in a 16 nm0 s 15© ra0 
test tube and the tube was stoppered and placed upright In a 
constant-temperature cabinet at 3©°Co for 14 days or at 40°Go 
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for ? day s» At the end of the incubation period, the tube was 
removed from the incubation cabinet and shaken vigorously for 
about 15 seconds„ and its contents were transferred to a 100-
mlo distillation flask designed for use with the steam 
distillation apparatus described by Bremner and Keeney (1965)$ 
the transfer being completed by rinsing the test tube with ca0 
12 ml 0 of 4M KClo Exchangeable ammonium N in the incubated 
sample was determined by steam distillation of the soil-KCl 
mixture with 0»5 S« of MgO, the ammonium liberated by distil­
lation being collected in borie acid-indicator solution and 
determined by titration of the distillate with Q«,QQ5î5 sulfuric 
acid. Exchangeable ammonium N in the sample before incubation 
was determined by the same procedure9 and mineralizable N was 
calculated from the difference between the results of these 
two analyses» ' 
Results and Discussion 
Soils 
Results of physical and chemical analyses of the soils 
used are given in Tables 20 and 210 Sell pE ranged from 5o5 
to 7®8, organic carbon from 0»30 to 4»30^ , and total nitrogen 
from Go032 to Qo402^ o The ratio of organic earbon to nitrogen 
varied from 8.9 to 15<>0, the average ratio being 11»0. Sam­
ples 204, 216, 219, 221, and 223 were calcareous, but their 
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Table 20= Analyses of soils used In evaluation of laboratory 
methods of assessing the availability of soil 
nitrogen 
Soil 
No. PH 
Organic 
C 
Total 
•N 
C/N 
ratio 
Particle size 
distribution 
Sand Silt Clay 
ûf ef G> et 
P p P /3 fù 
201 5.5 4.38 0.402 11 = 1 16 59 25 
202 6.6 3,58 0.331 11.5 2 61 37 
203 ,7.0 3o4l 0.313 10.9 6 56 38 
204 7.2 2.92 0.269 10.9 4 61 35 
205 6,3 2.78 0.267 10=4 30 46 24 
206 6.2 2 = 65 0.254 10.4 5 67 28 
20? 6.3 2 = 9© 0.240 12.1 41 36 23 
208 6.8 2.48 0.237 10=5 10 56 34 
209 6.5 2.99 0.233 12.8 29 40 31 
210 6.0 2.25 0=215 10=5 5 67 28 
211 6.2 2 = 32 0.205 11.3 32 46 22 
212 7 = 0 2.27 0.204 11=1 44 36 20 
213 6.4 2 = 19 0.203 10.8 51 31 18 
214 6.2 2.21 0.201 11 = 0 5 68 27 
215 6.2 1.99 0.185 10.8 5 69 26 
216 7.6 1 = 70 0.171 9.9 11 65 24 
21? 6.8 1.81 0.170 10=6 42 29 29 
218 6.5 2.19 0.167 13.1 4 65 31 
219 7.7 2.46 0.164 15.0 53 37 10 
220 6.8 1.69 0.164 10.3 1 74 25 
221 7.2 1 = 62 0.163 9.9 7 66 2? 
222 6.6 1.60 0.163 9.8 3 59 38 
223 7.8 0.93 0.105 8.9 10 ' 72 18 
224 6.8 0 = 64 ©.056 11.4 90 5 5 
225 6.1 G.3G 0=©32 9.4 94 3 3 
Ave. 6.7 2 = 25 0.205 11.0 24 51 25 
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Table 21 « Amounts of Inorganic nitrogen in soils used to 
evaluate laboratory methods of assessing the 
availability of soil nitrogen 
Exchangeable 
ammonium Na Nitrate N 
Soil Nonexehangeable 
NOo ammonium PI AD FM AD 
ppmo of soil 
201 137 (3.4) 9 6 27 24 
202 207 (6.2) 4 4 8 7 
203 223 (7.1) 4 7 55 57 
204 209 (7.8) 3 2 22 22 
205 105 (3.9) 3 4 11 10 
206 214 (8.4) 8 9 4 5 
20? 105 (4.4) 2 3 6 5 
208 203 (806) 2 2 15 16 
2@9 120 (5.2) 2 2 4 4 
210 191 (8.9) 4 4 6 7 
211 120 (5.8) 3 4 9 13 
212 95 (4.7) 3 2 9 11 
213 91 (4.5 4 5 8 12 
214 196 (9.8) 3 5 35 33 
215 193 (10.4) 2 4 5 8 
216 198 (11.6) 5 3 6 10 
21? 78 (4.6) 4 4 12 15 
218 208 (12.5) 4 5 16 1? 
219 61 (3.7) 4 4 4 4 
220 128 (7.8) 4 6 10 10 
221 211 (12.9) 6 4 4 5 
222 233 (14.3) 3 5 25 27 
223 195 (18.6) 1 3 12 11 
224 39 (7.0) 3 2 3 5 
225 31 (9.7) 1 2 2 2 
Ave» H
 
H
 
(7.4) 3 4 13 14 
field-moist soils ADS air-dry soil* 
A^nalyses were performed on air-dry soil* Figaros in 
parentheses are nonexehangeable aizaonion N values expressed as 
percent of total soil No 
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CaCO^  contents as estimated "by a method similar to that 
described by Leo (19&3) not exceed 2%„ The nonexehangea­
ble ammonium N contents ranged frcm 31 to 233 ppm=9 and the 
proportion of total soil N In the form of nenexehangeable 
ammonium ranged from 3*4 to 18 „6%0 These values are similar 
to those obtained with the soils used in the work described is 
Section IV (see Table 30s Appendix) and they confirm previous 
evidence (Keeney and Brenner, 1964) that nonexehangeable 
ammonium constitutes a significant portion of the nitrogen in 
Iowa surface soils* The exchangeable ammonium M contents of 
the field-moist soils ranged from 1 to 9 ppm» g and the nitrate 
M contents of these soils ranged from 2 to 55 ppm„ The 
exchangeable ammonium N and nitrate N contents of the air-dried 
soils were similar to those of the field-moist soils* Analy­
ses (not reported) showed that the soils used contained only 
trace amounts of nitrite and that the exchangeable ammonium N 
and nitrate N contents of air-dried samples of these soils did 
not change significantly when these samples were stored for 24 
weeks in tightly sealed glass containers„ 
Greenhouse study 
The results obtained in the greenhouse study are given in 
Table 22 and in Table 32 (Appendix)0 It can be seen that the 
average dry matter contents of the three ryegrass cuttings 
were similar9 but that the average H contents differed con­
siderably and decreased as the number of cuttings increased 
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Table 22, Correlations @f N uptake by ryegrass with dry 
matter yield of ryegrass and with inorganic N in 
field-moist soil (25 soils) 
Dry matter Inorganic N in field-moist solla 
M uptake yield of 
by ryegrass ryegrass A B 
Correlation coefficient (r)^  
1st cutting 0=95 0=93 0,93 
2nd cutting 0,07 8.6? 0,68 
3rd cutting 0,93 0=51 0.51 
aAs (exchangeable ammonium 4 nitrate)-M§ B, nitrate N, 
br > Q,51d P = 0.01; r > 0,62, P = 6,001. 
(Table 32), With all soils used, the ryegrass showed symptoms 
of nitrogen deficiency during the second and third cropping 
periods. Table 22 shows that E uptake by the first cutting of 
ryegrass was highly related t© the inorganic N content of the 
field-moist soil and that although the relationships between 
inorganic soil M and M uptake by the second or third cuttings 
of ryegrass were not so high, they were significant (Table 
22), Significant correlations between inorganic soil H and N 
uptake by plants have often been observed in greenhouse 
studies (e,g,, Peterson et al.9 i960; Richard et al,5 i960; 
Grrnaes et al, , 1963» Gasser and Jeplicott, 1964; ©zus9 1964) 
but it is generally accepted that these correlations are 
fortuitous, since the inorganic H content of soils usually 
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fluctuates rapidly and the values obtained in analysis for 
inorganic soil H depend upon the time of sampling and the 
treatment of the soil sample before analysis. 
Effects of air-drying and of air-dry storage of soils 
The minerallzable M values obtained with field-moist, 
air-dried, and air-dried and stored soils by the three incuba­
tion methods studied are given in Tables 339 3^ s and 35 
(Appendix), and the averages of these values are shorn in 
Figure 2, It can be seen that, on the average, air-drying of 
soil before incubation resulted In a large Increase in the 
minerallzable N value obtained by the aerobic or anaerobic 
(30°G,) methods, but led to a decrease in the minerallzable H 
value obtained by the anaerobic (40°C,) method. The average 
minerallzable N value obtained by each method with air-dried 
soil increased with increase in the time of air-dry storage of 
the soil, the increase in this value being particularly marked 
when soils stored for 1 to 8 weeks were analyzed. Other 
workers have observed that air-drying and air-dry storage of 
soils leads to an increase in the minerallzable H values 
obtained by aerobic incubation methods (see Section II) 9 and 
Ozus (196^ ) has also noted that air-drying affects the values 
obtained by the anaerobic (30°G,) method, 
Table 23 shows the data obtained in analyses of variance 
of the results of the three incubation methods as a function 
of air-drying and air-dry storage of soils. It can be seen 
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Figure 2. Averages of minerallzable N values obtained by incubation methods with 
field-moist (M)s air-dried (A), and air-dried and stored (S) soils 
(figures under S indicate time of storage in weeks) 
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Table 23. Analyses of variance of results obtained by Incuba­
tion methods as a function of air-drying and air-
dry storage of soils 
Incubation method 
Source of 
variation 
Degrees 
of 
freedom Aerobic 
Anaerobic 
(4Q°C.) 
Anaerobic 
(30°Gc) 
Soils (S) 
S x A 
Error 
24 
Air-drying and 
air-dry storage 
(A) 7 
168 
200 
Mean square 
991.60& 8,532.71 6,133.50 a 
2s549»08a 2,242.94" 1,173.88 
17.38^  193=42a 229.59a 
4=08 57.60 25.86 
Standard deviation (ppm. of soil) 
2=0 7.6 5.1 
.a a 
a P = 0 o 01, 
that with all three methods the effects of air-drying and air-
dry storage were highly significant and that these effects 
were different for different soils» Table 23 also shows that 
the aerobic incubation method was more precise than the 
anaerobic methods0 
The relationships among the results obtained by the 
incubation methods with field-moist, air-dried, and air-dried 
and stored soils are given In Tables 36, 379 and 38 (Appendix) 
and in Table 240 The data in Table 24 show that the relation-
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Table 2*5*. Correlation coefficients for relationships between 
the results obtained by incubation methods with 
soils air-dried and stored 8 weeks and those 
obtained with field-moist, air-dried$ and air-dried 
and stored soils (25 soils) 
Air-dried and stored soil 
Field- Air- Time of storage, weeks 
Incubation 
method0. 
moist 
soil 
dried 
soil 1 2 4 16 24 
Correlation b coefficient (r) 
A 0.64 0.90 0.90 0.94 0.97 0.97 0o96 
B 0.86 0.75 0.75 0.96 0.96 0.96 0.98 
G 0.59 0.82 ©.91 ©.90 0.95 0.95 0.80 
aA, aerobic; B, anaerobic (40°Go)| C, anaerobic (30°Go)« 
t*r > 0.51, P = 0.81; r > 0.62, P = 0.001. 
ships between the results obtained with soils air-dried and 
stored 8 weeks and those obtained with field-moist soils, air-
dried soilss or soils air-dried and stored 1 week are lower 
than the relationships between the results obtained with soils 
air-dried and stored 8 weeks and those obtained with air-dried 
soils stored 2, 4, 16, or 24 weeks, i.e., the variation among 
soils in the effects of air drying and air-dry storage ©n the 
results obtained by incubation methods is greatest when the 
soil sample Is air-dried or air-dried and stored for 1 week 
before analysis. 
It is noteworthy that, on the average, air-dry storage of 
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soils "beyond 3 weeks had little effect on the results obtained 
by the aerobic or anaerobic (40°Go) incubation method (Figure 
2) $ and that the relationships among the results obtained by 
these methods with soils which had been air-dried and stored 
for 8, 16, and 2k weeks were very high (see Table 24 and 
Tables and 37$ Appendix). 
The data in Figure 2 show that, on the average, incuba­
tion under anaerobic conditions at 30°C. for 14- days resulted 
in mineralization of about twice as much nitrogen as did incu­
bation under aerobic conditions at 30°Co for 14 days; and that 
although the two anaerobic incubation methods gave similar 
minerallzable N values with air-dried soils, the 40°Go method 
gave much higher values than the 3®°G. method with field-
moist soils « Correlation coefficients for the relationships 
among the results obtained by the incubation methods with 
field-moist, air-dried, and air-dried and stored soils are 
given in Tables 39s and 41 (Appendix). 
Minerallzable nitrogen as an index of soil nitrogen 
availability 
Table 25 gives the correlation coefficients for the 
relationships between minerallzable N as estimated by incuba­
tion methods and M uptake by three cuttings of ryegrass» It 
can be seen that the results of the incubation methods were 
not highly related to N uptake by the first cutting of rye­
grass, but that the results obtained by the aerobic and by the 
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anaerobic (40° Ce) incubation methods were highly significantly 
(P = 0.001) related to N uptake by the second and third 
cuttings of ryegrass. The low relationships between the 
results of the incubation methods and N uptake by the first 
cutting of ryegrass are probably due to most of the N in this 
cutting being derived from the inorganic H present in the 
soils at the initiation of the greenhouse study (see Table 22)c 
The finding that the results obtained by the anacrobic (30°Co) 
method with field-moist, air-dried, or air-dried and stored 
soils were not highly related to N uptake by the second or 
third ryegrass cuttings (Table 25) indicates that this method 
does not provide a very satisfactory index of the availability 
of the nitrogen in the soils studied. With the aerobic incu­
bation method, somewhat higher correlations with N uptake by 
the second and third cuttings of ryegrass were obtained with 
soils which had been air-dried and stored for 1, 2, 4, 8, 16, 
or 24 weeks that with field-moist or freshly air-dried soils, 
but with the anaerobic (40°Ce) method the reverse was true, 
i.e., higher correlations were obtained with field-moist or 
freshly air-dried soils than with air-dried and stored samples. 
Total soil nitrogen has often been suggested as an index 
of the availability of soil nitrogen to plants (see Section II), 
The data in Table 26 show that, with the soils used In this 
work, minerallzable M as estimated by the aerobic or anaerobic 
(40°CO) incubation method provided a much better index of the 
availability of the nitrogen in these soils to ryegrass. 
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Table 25» Correlation coefficients for the relationships 
between minerallzable N as estimated by incubation 
methods and N uptake by three cuttings of ryegrass 
Soil used for estimation of minerallzable Na 
Mineral-, 
izable WD FM AD 8(1) 8(2) 8(4) 8(8) 8(16) 8(24) 
Correlation coefficient (r)c 
N i uptake by first ryegrass cutting 
A 0.64 Ilo So 0.46 0»46 0.50 0.47 0.41 0.51 
B 0.63 0.65 0.58 0=55 0.55 0.51 0.51 0.50 
C n. s. n. s. Ho So Ho So n.s» UoSo n.s. n.So 
M uptake by second ryegrass cutting 
A g„66 0.6? 0.76 0.74 0.76 0.71 0.69 0.72 
B 0.85 0.80 0.79 0.70 0,76 0.73 0.72 0.73 
a 0.59 n. s» 0.65 0.43 0.42 0.52 0.56 0.50 
N uptake by third ryegrass cutting 
A Go 64 O063 0.73 0.64 0.70 0.6? 0,64 0.76 
B 0.86 0,77 0.72 0.73 G.73 0.72 O.72 0.73 
C 0.39 0.44 0.61 0.53 0.52 0.58 0.59 0.54 
field-moist; M)s air-dried; S$ air-dried and stored 
(figures In parentheses after S represent time of storage in 
weeks)o 
aerobic incubation method; Bs anaerobic (40°C.) 
incubation method; C$ anaerobic (30°C.) incubation method. 
cr < 0o40g not significant (n030); r > 0.40, P = 0»05; 
r > 0.51, P = 0.01$ r > 0.62, P = 0.001. 
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Table 26, Correlation coefficients for the relationships of 
N uptake by ryegrass with minerallzable N as 
estimated by incubation methods and with total 
soil nitrogen 
M uptake by ryegrass 
Soil analysis8, 2nd cutting 3rd cutting 
Correlation coefficient (r)a 
Minerallzable N (â) 0,71 0.67 
Minerallzable M (B) 0.73 0.73 
Total soil H 0,52 0.54 
aânalyses were performed on soils air-dried and stored 
8 weeks. A, aerobic incubation method; B, anaerobic (4u°C,) 
Incubation method0 
%r > 0,51, P = 0.01; r > 0,62, P = 0,001, 
The findings In the work described in this section can be 
summarized as follows g 
1. The aerobic and anaerobic (40°C,) incubation procedures 
provided good indexes of the availability of soil nitrogen 
to ryegrass and appear superior to the anaerobic (30°C,) 
procedure as methods of obtaining an index of soil nitro­
gen availability, 
2, The results obtained by the incubation methods studied 
were markedly affected by air-drying and by air-dry stor­
age of the soil samples analyzed, but the results obtained 
by the aerobic and anaerobic (40°C, ) incubation methods 
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with air-dried and stored samples were not greatly 
affected by increase in time of storage of these samples 
beyond 8 weeks. 
3. Comparison of the relationships between the results of the 
incubation methods and M uptake by ryegrass showed that 
when the aerobic Incubation method was used the highest 
relationships were obtained by analysis of soils which had 
been, air-dried and stored for 1 to 24 weeks , but that when 
the anaerobic (40°Co ) incubation method was usei. the 
highest relationships were obtained by analysis of field-
moist or freshly air-dried soils. 
4. The anaerobic (40° C») incubation method had lower preci­
sion than the aerobic incubation method, but when these 
methods were applied to field-moist soils, the results of 
the anaerobic method were more closely related t© H uptake 
by ryegrass than were the results of the aerobic method» 
Both methods provided good indexes of soil nitrogen 
availability when applied to soil samples which had been 
air-dried and stored for 1 to 24 weeks. 
The results of this investigation indicate that the 
aerobic and anaerobic (40°Go) incubation methods studied 
should prove satisfactory for routine assessment of the availa­
bility of soil nitrogen. Consideration of the findings con­
cerning the effects of sample pretreatment on the results 
obtained by these methods in relation to the problems 
encountered in preparation and storage of soil samples for 
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analysis in soil testing laboratories suggests that these 
methods should be applied to soil samples whieh have been air-
dried and stored for 8 to 24 weeks» 
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SECTION VIIo EVALUATION OF CHEMICAL METHODS 
Introduction 
The objectives of the work described in this section were 
to evaluate various chemical methods of assessing the availa­
bility of soil nitrogen to plants and to determine the effects 
©f air-drying and ©f air-dry storage of soil samples on the 
results obtained by these methods. She chemical methods 
studied included the procedures proposed by Subblah and Asija 
(1956)9 Livens (1959a9 b), Cornfield (i960)s and Jenkinson 
(1964)o The methods were evaluated by applying them to 25 
Iowa surface soils and comparing the results with those 
obtained in a greenhouse study of the availability of the 
nitrogen in these soils to ryegrass8 Particular attention was 
given to the method proposed by Livens (1959&„ b) involving 
estimation of the nitrogen extracted from soil by bailing 
water, because it has been reported that the water-soluble 
nitrogen in plant residues and composts is highly susceptible 
to mineralisation (Bould, 1948? Iritani and Arnold, i960) and 
that there is a close relationship between the amount of soil 
nitrogen extracted by boiling water and minerallzable soil 
nitrogen as estimated by incubation methods (Livens, 1959a, b§ 
Akatsuka and Sakayanagl, 1964), 
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Materials 
Soils 
The soils used were the 25 Iowa soils described in 
Section VI, the analyses reported here being performed on < 2 
mm» field-moist and air-dried samples prepared as described in 
Section VI and on <3 2 sm0 air-dried samples which.had been 
stored in tightly sealed glass bottles for 8 weeks after air-
drying « 
Methods 
Method 1 (estimation of nitrogen extracted by boiling water) 
This method was essentially that proposed by Livens 
(1959a$ b)0 In the procedure used, 1© g« of soil were placed 
in a 125-mlo Erlenmeyer flask fitted with a 24/4© joint and 60 
nlo of water were addedc The flask was connected to a vertical 
Liebig condenser fitted with a 2&/W joint and heated on a 
rheostat-controlled electric hot plate until the soil-water 
mixture had boiled for 6© minutes» The cooled• mizture was 
filtered under suction (IrJhatiaan Eo„ 2^ filter paper) and the 
nitrogen content of the filtrate was estimated by a senimiero 
Kjeldahl procedure* In this procedures a 20-elLo aliquot of 
the filtrate was pipetted into a 50-Blo Kjeldahl flask 
designed for use with the steam distillation apparatus 
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described by Bremer and Keeney (1965) and treated with 2 ml. 
of concentrated sulfuric acid and 0.7 g. of K2SOjij,§CuSOi|.8Se 
(lOslîO.l, w/w) mizture. The flask was heated on a micro 
Kjeldahl digestion rack until the digest cleared, and diges­
tion was continued for one hour after clearing« The contents 
of the flask were then steam-distilled with 10 ml, of 10H NaOH 
and the ammonium liberated by distillation was collected in 
boric acid-indicator solution and determined by titration uith 
0O0©5H sulfuric acid, 
Method 2 (estimation of organic carbon extracted by boiling 
The procedure used for extraction ms as in method 1» 
Organic carbon in the extract was estimated by a semimicro 
modification of the VJalkley and Black (193*0 method of esti­
mating organi© ear bon in soils * In this modification, 4- ml. 
of extract and 1 ml. of Qo50©N KgGrgOy were placed in a 5Q-ml° 
Erlenmeyer flask, 10 ml. of concentrated sulfuric acid were 
added from a rapid delivery burette9 and the flask was swirled 
to mix the contents and allowed to stand. After 15 minutes9 
25 Eil » of water were added $ the flask was allowed to cool to 
room temperature, and residual dichromate was determined by 
titration with Q.Q5N (M^ gSOj^ FeSOi^ HgO (Mohr0s salt) from a 
10-mlo microburette graduated at 0.02-ml, intervals9 ÏÏ-
phenylanthrao.ilic acid being used as indicator. To facilitate 
observation of the end-point in this titration, 1 elL® of 10$ 
loô 
(w/v) BaCl2 was added Immediately "before titration te obtain a 
white background of BaSO^ . 
Method 2 (estimation of nitrogen extracted by water at 1QO°C0) 
The extraction procedure adopted in this method ras 
designed to eliminate the rather time-consuming filtration 
required in method lc In the procedure used9 5 go of soil and 
3© al» of water were added to a 4©-ml0 polyethylene centrifuge 
tube and the tube was marked to indicate the water level and 
placed in a vigorously boiling water bath (100oCo ) „ After one 
hour, the tube was removed from the bath9 cooled9 treated with 
water to the mark, and centrifuged at 16,500 rpm0 for 10 
minutes» A 20-mlo aliquot of the supernatant was analyzed for 
nitrogen by the Kjeldahl procedure used in method 10 
Method 4 (estimation of organic carbon extracted by water at 
The procedure used to obtain the soil extract was as in 
method 3» Organic carbon in the extract was determined as in 
method 2» 
Method 5 (estimation of nitrogen extracted by water at 1©2°G0) 
In this method, 5 6= of soil were treated with 10 ml, of 
water in a 5^ -ml, Erleoneyer flask and the flask was loosely 
capped with aluminum foil and heated in an autoclave at 102°Co 
(1 lbo/in«, ) for one hour. The cooled soil-water mixture was 
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filtered under suction (Whatman No» 42 filter paper), the 
residue on the filter was washed with 10 ml. of water, and the 
entire filtrate was analyzed for nitrogen by the Kjeldahl 
procedure used in method 1. 
Method 6 ( estimation of nitrogen extracted "by water at 120°Ce ) 
She procedure in this method was similar to that used in 
method 59 the only modification being that the soil-water 
mixture was autoclaved at 12QGC. (15 lb0/ln02) instead of at 
102°Co for one hourc 
Method % (estimation of nitrogen extracted by cold, dilate 
"barium hydroxide solution) 
In this method, 10 g. of soil were treated with 100 ml. 
of Go IN Ba(0E)g in a 250-ml., wide-mouth "bottle and the 
bottle was stoppered and shaken at room temperature on a 
mechanical shaker for 3© minutes» The mixture was filtered 
under suction (Whatman Mo. 42 filter paper), the first few elU 
of filtrate "being discarded, and a 20-ml. aliquot of the 
filtrate was analysed for nitrogen "by the Kjeldahl procedure 
used in method 1» 
Method 8 (estimation of organic carbon extracted by eelda di­
lute barium hydroxide solution) 
Organic carbon in an extract prepared as in method 7 nas 
determined by the procedure used in method 2» 
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Method <? (estimation of "glucose" extracted by ©old, dilute 
barium hydroxide solution) 
This method was essentially that recommended by Jenkinson 
(1964) and involved determination of "glucose63 in an extract 
prepared as in method 7« Details of the anthrone procedure 
used for estimation of "glucose" In this method were obtained 
by personal communication with Dr, D, So Jenkinson. In this 
procedureJ 4 ml» of extract were placed in a 20 ma» x l60 ma, 
test tube9 cooled for ©ne hour in a refrigerator, and treated 
with 20 ml, of ice-cold anthrone reagent prepared by dissolving 
1 = 0 g= of anthrone in 475 elL, of concentrated sulfuric acid 
and diluting the mixture with 37»5 blL» of water. The contents 
of the tube were mixed (Vortex Jr, Mixer) and the tube was 
placed In a boiling water bath for 10 minutes. The cooled 
anthrone-treated sample was then transferred to a 2-cm. 
colorimeter tube, and its "glucose" content was determined by 
measuring its absorbance at 625 mp. (Bausch and Lomb Spectronic 
20 Colorimeter) and comparing this value with those obtained 
when the anthrone procedure was applied to standard solutions 
containing 20 to 60 micrograms of glucose per ml, "Glucose" 
values are not reported for soils 219$ 2239 224, and 225 be­
cause turbid solutions were obtained when extracts of these 
soils were treated with anthrone as described above» 
103 
Method 10 (estimation of nitrogen extracted by cold, dilute 
sulfuric acid) 
In this method, 10 g. of soil were treated with 100 blU 
of 0.5N EgSO^  in a 259-01 = $ wide-mouth "bottle and the bottle 
ms stoppered and shaken at room temperature on a mechanical 
shaker for one hour. The soil-acid mixture was then filtered 
under suction (Whatman No. 42 filter paper) and a 20-nlo 
aliquot of the filtrate ras analyzed for nitrogen by the 
Kjeldahl procedure used in method 1. 
Method 11 (estimation of organic carbon extracted by cold. 
dilute sulfuric acid) 
Organic carbon in an extract prepared as in method 10 ras 
determined by the procedure used in method 2. 
Method 12 (estimation of ammonium released by distillation 
with alkaline permanganate solution) 
This was essentially the method of Subbiah and Asija 
(1956) scaled down to facilitate its application with existing 
equipment. In the procedure adopted. 5 S- of soil were placed 
in a 250-mlo, round-bottom distillation flask and 25 ml. of 
0 = 32/3 KMnOjjp 25 hlLo of 2„5^  NaOHg 1 drop of mineral ©II (to 
reduce foaming) and 5 h10 of water were added. She flask was 
then connected via a spray trap to a vertical Liebig condenser 
and heated so that the mixture boiled and distillation occurred' 
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at a rate of ça» 1 ml, per minute, the ammonium liberated 
being collected in boric acid-indicator solution. After 
distillation for 15 minutes, the ammonium in the distillate 
was determined by titration with 0.G5N sulfuric acid. 
Method 13 ( estimation of ammonium released by microdiffusion 
with normal sodium hydroxide) 
fhls was essentially the method proposed by Cornfield 
(I960), In the procedure used, 2 g, of soil and 5 ml. of N 
NaOH were added separately to the outer compartment of a 
modified Conuay unit (Bremner and Shaw, 1955) and 1 ml. of 
boric acid-indicator solution was added to the central chamber 
of the unit. The lid of the unit was then sealed firmly by 
gum arable fixative and the unit was gently rotated for a few 
seconds to mix the soil with the alkali and placed In a 
constant-temperature cabinet at 28°C. After 42 hours, the 
unit was removed from the cabinet, the lid was detached, and 
the ammonium released by the HaOH treatment was determined by 
titration of the boric acid-indicator solution in the central 
chamber with 0.G05N sulfuric acid. 
Methods 14-20 (estimation of ammonium released by steam 
distillation with alkaline reagents) 
In addition to the chemical methods described above, 
seven rapid methods involving determination of the ammonium 
liberated by steam distillation of soil with alkaliae reagents 
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for 4 minutes were Investigated= In these methods, 2 gc of 
soil and 20 ml» of a solution or suspension of the alkaline 
reagent were placed in a 100-ml. flask designed for use with 
the distillation apparatus described by Bremer and Keeney 
(1965) and, after connecting the flask to this apparatus, the 
mixture of soil and alkaline reagent was steam distilled and 
the ammonium liberated by distillation ras collected in boric 
acid-indicator solution and determined by titration of the 
distillate with 0oQ05M sulfuric aelâ» The rate of distilla­
tion adopted uas eac 7 = 5 b1<= per minute, and 3© ml„ ©f 
distillate were collected» 
The alkaline reagents used were g 
Method Alkaline reagent 
0oG5g KOH 
0oQ5M Eos@0.025g msOfy 
0.15K KOH 
14 
15 
16 
17 0O15M K0Hs0o025M KMnO^  
18 0ol5M NaOH 
19 Qol5M NaOH s G o 025H KMnO^  
20 2*5/3 (w/v) GaO suspension 
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Results and Discussion 
Effects of air-drying and of air-dry storage of soils 
The results obtained by the chemical methods studied are 
given in Tables k2 to 48 (Appendix) and the averages of 
results by these methods with field-moist, freshly air-dried, 
and air-dried and stored soils are given in Table 27 = It ©an 
be seen that9 on the average9 the results obtained by most of 
the chemical methods with field-moist soils were very similar 
to those obtained with freshly air-dried soils, but that the 
values obtained by methods 7S 8$ 9s 109 119 and 13 increased 
considerably when freshly air-dried rather thon field-moist 
samples were used. Table 27 also shows that, except with 
method 9s the average value by each method with freshly air-
dried soils was very similar to the corresponding value for 
air-dried and stored soils0 
Table 4-9 (Appendix) shows the organic C/N ratios of 
extracts obtained by treatment of soils with boiling water9 
Water at 100°Co, dilute barium hydroxide eolation, and dilute 
sulfuric acid» It can be seen that, on the average, the C/H 
ratios of the extracts obtained by each treatment with field-
moist 9 freshly air-dried9 and air-dried and stored soils were 
nearly the same and were similar to the G/M ratios of the 
soils extracted (see Table 20)0 
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Table 27. Averages of values obtained by chemical methods 
with field-moist9 freshly air-dried, and air-dried 
and stored soils 
Soil 
Chemical Field- Freshly Air-dried and 
method moist air-dried stored 8 weeks 
—Average value (ppac of soil)a~-
1 47 46 49 
2 456 456 468 
3 23 23 23 
4 23Q 222 230 
5 27 28 27 
6 69 70 70 
7 39 57 59 
8 359 497 513 
9 149 276 196 
19 4l 49 47 
11 481 528 536 
12 201 208 212 
13 115 140 141 
14 17 18 17 
15 52 53 53 
16 87 85 87 
17 111 111 113 
18 96 97 95 
19 12© 122 122 
20 40 4l 40 
Values for methods 1, 2, 3s 4, 7@ 8, 109 11, 12, and 13 
are averages for 25 soils (nos0 201-225)l values for methods 
5, 6, 14, 15s 16, 17s 18, 19$ and 20 are averages for 5 soils 
(nose 201, 203s 209s 215s 223)I values for method 9 are aver­
ages for 21 soils (nos» 201-213, 220-222) «, 
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Evaluation of chemical methods 
Table 28 shows the relationships between the results of 
the chemical methods tested and N uptake by ryegrass in the 
greenhouse experiments and Table 29 shows the relationships of 
these results with total soil N and with mineralisable N as 
estimated by incubation procedures (for additional correlation 
data9 see Table 50$ Appendix)„ The data In Table 28 show that, 
like the results of the incubation methods described in Sec­
tion VI (see Table 23)$ the results obtained by the chemical 
methods studied were not highly correlated rcith N uptake by 
the first cutting of ryegrass- However, the results by 
methods 1 and 3 (estimation of nitrogen extracted by hot 
rater) tie-re highly correlated tilth N uptake by the second and 
third cuttings of ryegrass, and comparison with Table 23 shows 
that these methods provided as good an index of available soil 
nitrogen as did the aerobic and anaerobic (40°C.) incubation 
methods described in Section VI «, None of the other. chemical 
methods tested gave results highly related to N uptake by the 
second and third cuttings of ryegrass, and with some of these 
methods the relationships observed were not significante 
Table 29 shows that the results obtained by methods 1 and 
3 and by other chemical methods tested were highly correlated 
with mineralisable M as estimated by the aerobic or anacrotic 
(40°Go ) incubation methods» Comparison of Tables 28 and 29 
shows that although the results obtained by methods involving 
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Table 28. Relationships between results of chemical methods 
and N uptake by ryegrass (25 soils) 
M uptake by ryegrass 
Chemical 
method8, 1st cutting 2nd cutting 3rd cutting 
Correlation coefficient (r)^  
1 0 = 57 0=74 0.76 
2 0.49 0.58 0o60 
3 0.58 0.80 0.79 
4 0o4l 0.59 0.61 
5 Ook-9 0.61 0.61 
6 0 = 65 0.58 0.59 
7 0.48 0.42 0.46 
8 1JL O S O 0.42 0.46 
9 IioS.° 0.44® n.s.c 
10 0.53 0 = 55 o,5i 
11 n.s. Go 46 0.40 
12 0.41 0.43 0.45 
13 0.42 0-45 0.53 
14 n o s o n. s« n.s = 
15 rioSo n.s. n.s. 
16 32L o S o 0.52 n.s. 
17 ïloSo 0.41 0.47 
18 13, o S o n.s = 0.40 
19 0.53 n. s« 0.45 
20 n=se Go 46 0.52 
M^ethods tîere applied to soil samples previously air-
dried and stored for 8 weeks., 
r^ < 0o409 not significant (n.s.); r > G = 409 P = 0=053 
r > 0 = 51, P = Go01; r > 0.62, P = 0,001. 
cTwenty-©ne soils0 r < 0.43, not significant (n=s= )? 
r > 0.43, P = 0.05. 
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Table 29. Relationships of results by chemical methods with 
total soil nitrogen and with mineralizable nitrogen 
as estimated by incubation methods (25 soils)a 
Mineralizable N 
Anaerobic 
Total Aerobic (4O0G.) 
Chemical soil incubation incubation 
method nitrogen method method 
Correlation coefficient (r)^  
1 0=66 0=86 0.84 
2 0=77 0.85 0.86 
3 0=52 0.83 0.87 
4 0.73 0.80 ©086 
5 0.76 0.77 0.76 
6 0.72 0e64 0 = 72 
7 0.84 0.63 0.64 
8 0.65 0.75 0=75 
9 0.62® 0.46® 0.48® 
10 0.82 0=73 0.76 
11 0.76 0.63 0.52 
12 0=97 0=60 0o60 
13 0.98 0.67 0.64 
14 0.77 0.67 0=64 
15 n.So Ï1 0 S 0 n=s = 
16 0.94 0o60 0.59 
17 0,95 0=61 0=o2 
18 0=92 0.62 0 = 58 
19 0=95 0=64 0.59 
20 0.88 0.62 G.73 
aSoil samples were air-dried and stored for 8 tieeks 
before analysis= 
< 0=40s not significant (n.s.)? r > 0 = 405 P = 0=05$ 
r > 0=51, P = 0=01; r > 0=62D P = 0=001= 
°Tuonty-omG soils» r > 0.43, P = 0.05; r > 0.55, P = 
0o01| r > 0.66, P = 0.001. 
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treatments with aeid or alkaline reagents (methods ?9 109 12, 
13» and 16 to 20) were not highly correlated with M uptake by 
ryegrass or with mineralizable N as estimated by incubation 
methods, they were highly correlated with total soil No 
Several workers have previously observed highly significant 
relationships between total soil N and the results obtained by 
chemical methods of assessing the availability of soil nitro­
gen involving treatments with acid or alkaline reagents 
(Synghal et ale, 1959? Peterson et al», I960; Purvis and Leo, 
1961; Akatsuka and Sakayanagi„ 1964). 
Nitrogen extracted by beilins water as an index of soil 
nitrogen availability 
In view of the excellent results obtained by the method 
involving estimation of the nitrogen extracted by boiling 
water (method 1) it was decided to further investigate this 
method, 
Kjeldahl analysis of extract It was anticipated that 
extracts obtained by method 1 would contain significant 
amounts of nitrate. So confirm this, 20-mlo allquots of 
extracts obtained by method 1 with air-dried samples of the 
25 soils listed in Table 19 were analysed for nitrate H by the 
s t e a m  d i s t i l l a t i o n  p r o c e d u r e  o f  D r e s n e r  a n d  K e e n e y  ( 1 9 6 5 ) 0  
The results showed that the amounts of nitrate N in these 
extracts, expressed as ppra, ©f soil, were approximately equal 
to the nitrate N contents of the soils extracted (see Table 
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21). Since Kjeldahl procedures normally exclude nitrate end 
other oxidized forms of nitrogen, it seemed unlikely that the 
Kjeldahl procedure adopted for analysis of extracts obtained 
by method 1 would recover an appreciable amount of the nitrate 
in these extracts. To confirm this, 20-elU aliquots of 
extracts obtained by method 1 with soils 201, 203» 210, and 
215 were analyzed by this Kjeldahl procedure before and after 
addition of 5 ml. of a solution containing 200 %ig«, of nitrate 
N as KNOy The results showed that, on the average, the 
Kjeldahl procedure used for analysis of extracts obtained by 
method 1 recovered less than 3$ of the nitrate N added to 
these extracts. 
Mature of nitrogen In extract As noted above $ a con­
siderable amount of the nitrogen In the extracts obtained by 
method 1 is in the form of nitrate N, which is essentially 
excluded by the Kjeldahl procedure adopted for analysis of 
these extracts. To determine the amounts of ammonium N and 
nitrite H in these extracts, 20=ol. aliquots of extracts 
obtained by applying method 1 to air-dried samples of the 25 
soils listed in Table 19 were analyzed by the steam distilla­
tion procedures described by Bremer and Keeney (1965). The 
results showed that the ammonium N contents of these extracts 
were very small (equivalent to 1 to ^  ppm. of soil) and that, 
on the -average, ammonium H accounted for less than hfi of the 
nitrogen determined by the Kjeldahl procedure. Only trace 
amounts of nitrite were detected. Thus it appears that the 
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nitrogen determined "by method 1 is almost entirely organic in 
nature. To determine the nitrogen distribution of this 
organic nitrogen, 8 extracts obtained by replicate analyses of 
soil 206 by method 1 were combined and evaporated in vacuo to 
a volume of 25 ml. Twenty-five ml. of 12N SCI were then added 
to the concentrate and the mixture was boiled under reflux for 
12 hours « The hydrolysate was evaporated to dryness in vacuo 
three times to remove HC1, 10 ml„ of water being added after 
the first two evaporations. The hydrolysate was then made to 
volume (50 ml. ) and analyzed for various forms of nitrogen as 
described in Section. IV«, The results showed that of the 
nitrogen in the hydrolysate was ammonium N, 21$ was amino acid 
N and 3 % was hydroxy amino acid No No hexosamine N was 
detected» 
Precision of method Tests using soils 201, 203, 210, 
and 215 showed that method 1 had good precision and that the 
results by this method were more reproducible than those 
obtained by the incubation methods described in Section VI» 
For example9 the coefficients of variation of the results 
obtained In 6 analyses of soils 203 and 215 by method 1 were 
k0jfi and 3.8$, respectively» The precision of method 1 was 
fomid. to be similar to the precision of the Kjeldahl procedure 
used in this method9 the coefficient ©f variation of the 
results obtained in 6 Kjeldahl analyses of a solution obtained 
by combining extracts obtained from 8 soils by method 1 being 
3.9#. 
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Application The results obtained by method 1 indicate 
that this procedure deserves consideration as a routine 
laboratory method of obtaining an index of the availability ©f 
soil nitrogen. It provides as good an index of soil nitrogen 
availability as do the incubation procedures described in 
Section VI and has an obvious advantage over these procedures 
in that the analysis involved can be completed in one day. 
Also9 this method is more precise than the incubation proce­
dures and has the attraction that the results by this method 
are not affected if the soil sample is air-dried ©r air-dried 
and stored before analysis* However, the extracts obtained by 
this laethôd with soils having high ©lay contents filter very 
slowly s and it is often necessary to perfora two filtrat ions 
to obtain a clear extract. Moreover, the Kjeldahl procedure 
used for analysis of the extracts obtained by this method does 
not appear suitable for routine use in soil testing laborato­
ries, However, it seems likely that a simple and rapid 
Kjeldahl procedure could be developed for application of 
method 1 on a routine basis and that the filtration step in 
this method could be simplified by use of filter aids such as 
Gelite or by allowing the soil suspension to stand overnight 
before filteringc The method involving estimation of the 
nitrogen extracted by water at 1O0°C, (method 3) eliminates 
the filtration problem, encountered using method 1 and also 
provides an excellent.index of available soil nitrogen. Sow-
ever, this method requires use of a high-speed centrifuge and 
has lower precision than method 1, 
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SECTION VIII» SUMMARY MD CONCLUSIONS 
The objectives of the work described in this dissertation 
were s (a) to attempt to identify the mineralizable nitrogen 
in soils; (b) to develop a simple and precise aerobic incuba­
tion method of estimating readily mineralizable soil nitrogen? 
(c) to evaluate this aerobic incubation method and other 
laboratory methods, including anaerobic incubation and chemi­
cal procedures, as methods of obtaining an index of the 
availability of soil nitrogen to plants; (d) to determine the 
effects of air drying and of air-dry storage of soils on the 
results obtained by these methods» 
The findings can be summarized as follows: 
1» Studies to identify the mineralizable nitrogen in soils 
showed that the native nonexchangeable ammonium in soils 
is practically unavailable to soil microorganisms and that 
there are marked differences among soils with regard to 
the percentage contributions of hydrolyzable and nonhydro-
lyzable foras of soil nitrogen to the nitrogen that is 
most readily mineralized and thus made available for plant 
grouth» The latter finding indicates that any chemical 
method of assessing the availability of soil nitrogen based 
solely on determination of a hydrolyzable or nonhydrolysa-
ble form of soil nitrogen tiill prove unsatisfactory (Sec­
tion IV) = 
2» An aerobic incubation method of estimating readily miner-
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allzable soil nitrogen was developed which appears to have 
none of the defects of incubation methods previously pro­
posed for this estimation. It Involves determination of 
the amount of (exchangeable ammonium f nitrate 4- nltrlte)-H 
produced when the soil sample Is mixed with three times 
its weight of sand, moistened with water (6 ml. per 10 g0 
of soil) and incubated at 30°Co for 14 days in a bottle 
fitted with a plastic aeration device. The method is 
simple and precise and is suitable for routine use in soil 
testing laboratories (Section V). 
An evaluation of incubation and chemical methods of assess­
ing the availability of soil nitrogen showed that the 
aerobic incubation method developed and a procedure 
involving estimation of the ammonium produced on incubation 
of soil under waterlogged conditions at 4©°C0 for 7 days 
provided good indexes of the availability of the nitrogen 
In 25 Iowa soils to ryegrass (Section VI). Of the chemi­
cal methods tested, only those involving estimation of the 
nitrogen extracted from sell by hot water provided good 
indexes of the availability of soil nitrogen to ryegrass 
(Section VII)„ 
Studies of the effects of air drying and. of air-dry stor­
age of soils on the results obtained by laboratory methods 
of assessing the availability of soil nitrogen (Sections 
VI and VII) showed that air drying and air-dry storage of 
soil samples had marked effects on the results obtained by 
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Incubation methods, but had little effect on the results 
obtained by the chemical methods found to provide a good 
index of the availability of soil nitrogen. It was found, 
however, that the results obtained by the aerobic and 
anaerobic (40°C.) incubation methods with air-dried and 
stored soil samples were not greatly affected when the 
time of storage before analysis was increased fron 8 to 24 
weeks and that the results obtained by these methods with 
soils which had been air-dried and stored for 8 to 24 
weeks were highly related to N uptake by ryegrasso 
The aerobic incubation procedure developed, the procedure 
involving anaerobic incubation of soil at 40°Co for 7 
days, and chemical methods involving estimation of the 
nitrogen extracted from soil by hot water appear valuable 
as routine methods of obtaining, an index of soil nitrogen 
availability. The studies of the effects of air-drying 
and of air-dry storage of soil samples on the results 
obtained by the incubation methods suggests that, for 
routine use in soil testing laboratories, these methods be 
applied to soil samples which have been air-dried and 
stored for 8 to 24 weeks. 
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Table 30. Analyses of soils before and after incubation 
Ammonium Na 
ME 
% of total soil N 
Soil Organic Total C/N 
n6.b PH G N ratio E 
% % 
Experiment 1 
3LA 7.8 2 o 10 0.185 11.4 0.3 
IB 8.2 1.75 0,152 11.5 0.8 
2A 8.1 1.09 0,109 10.0 0 = 1 
2B 8.0 1.00 0.085 11,8 0.4 
3A 5.9 3.04 0,272 11.2 1.0 
3B 7.8 2.39 0.216 11 = 1 1.4 
4A 5.7 2.47 0.226 10.9 0=7 4B 8.0 2.07 0.177 11.7 1.0 
5A 6=0 3-03 0.305 9.9 0.7 
5B 7.9 2.58 0.231 11.2 0.9 
6A 6.1 2.39 0,240 10=0 0=8 6B 8.0 2.09 0.197 10=6 1.4 
7A 6=5 3=82 0,312 12.2 0.5 7B 7.8 2.84 0.248 11.4 1.3 ÔA 6=4 1.09 0.134 8.1 0=4 8B 8.2 1.04 0,084 12 0 4 1,1 
9A 6.0 3.64 0,359 10=1 0.8 9B 7.9 3.20 0=271 11=8 2.0 10A 5.7 2.41 0,206 11.7 0.8 10B 2.18 0.164 13.3 1 = 0 11A Po6 5.46 0=398 13.7 0=8 
11B 7.9 4.05 0.298 13.6 1.4 
12A 6=2 2,83 0.233 12.1 0.5 125 8.1 2.51 0,197 12.7 1=1 
13A 6.0 4.01 0.403 10.0 0.8 
13B 7.7 2.90 0.296 9.8 1 = 6 14A 5.7 3.31 0.314 10.5 0.9 14B 8.0 2.51 0.242 10.4 1 = 0 
15A 1.91 0,180 10.6 0=5 
15B 8.1 1.54 0,146 10.5 0=9 
1ÔA 6.8 5.12 0=345 14.8 0.3 16B 7.7 4ol7 0.328 12O7 0.8 
17A 6.7 9,60 0.912 10.5 0.3 
17B 7.7 8.18 0.S10 10.1 1.2 
Ave. A 6.2 3.36 0.302 llol 0 = 7 
Ave. B 7.9 2.76 0.243 11=4 1.2 
5.0 (88) 
7.3 (111) 
8.0 (87) 
10.3 (87) 
5.6 (152) 
8.8 (191) 
6.9 (156) 
(186) 
(155) 
189 
94) 
193 
7.7 (187) 
13.8 (248) 
17OQ (248) 
,4 am 
1,8 l6o; 
3.0 (239J 
4.8 (144] 
7.2 (174] 
a-t 
'9 exchangeable § NE, nonexehangeable 0 Figures in paren­
theses are nonesehangeaTble ammonium î«î values expressed as ppmc 
of soil6 
bAs before incubation? B$ after incubation* 
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Table 30 (Continued), 
Ammonium Na 
Soil 
No/b pH 
Organic 
C 
Total 
H 
• G/TSS 
ratio E NE 
% % 
li'V m, a V* 4 tn Am ' > o 
% of total soil M 
1?A 6.7 9.60 0.912 
u £ 
10=5 0=2 1=8 (160) 
17B 7.6 8.46 0.781 10.8 0 = 1 2=2 (162) 
18A 6.7 2.08 0.192 10.8 0.1 5.3 (100) 
18B 7.7 1 = 73 0.1# 12.0 0.1 6.7 (96) 
19A 4.9 2 = 20 0.209 10=5 0.4 12.7 (265) 
19B M 1.58 0.15% 10.2 0.0 16=4 (259) 2 OA 606 3=19 0.277 11.5 0=1 3=9 (108) 
20B 7.6 2.84 0.223 12 = 7 0.0 5.4 (120) 
21A 6.3 3.39 0.309 11,0 0=1 6=5 (200) 
21B 7.5 2.98 0.257 11.6 0.1 7.8 (200) 
22A 7.9 3.26 0.322 10=1 0.2 6.5 (210) 
22B 8.0 2.58 0.253 10=2 0.1 7.8 (202) 
Ave» A 6o5 3.95 0.371 10=6 0.1 4.7 (174) 
Ave, B 7.6 3.36 0.303 11=1 0=1 5.6 (173) 
Table 31o Nitrogen distributions of soils before and after incubation 
Hydrolyzable M 
Soil Honhydro- Hydroxy- Unid 
N0oa . lysablo BÎ Total Ammonium Hesosamins Amino sold aznino acid t if led 
~f> of total soil Nc——-~="= 
1A 23.7 (438) 76.3 (1412) 18.6 (344) 5.2 
Tfc 1 
(96) 34.3 (635) 4.5 (83) 18.2 (337) 
IB 23.8 (362) 76.2 (1158) 21.7 (331) 6.2 (94) 27.6 (420) 4.6 (70) 20.7 (315) 
2A 19,2 (209) 80.8 (881) 18.7 (204) 6.8 (74) 26.4 (288) 4=6 (50) 28.9 (315) 
2B 14.4 (122) 85.6 (728) 24.4 (207) 5.9 (50) 21.0 (178) 3.2 (27) 34.3 (293) 
3A 31.8 (865) 68.2 (1855) 21.5 (585) 4.1 (112) 19.4 (528) 5.6 (152) 23.2 (631) 
3B 33»1 (715) 66,9 (1445) 25.2 (545) 4.2 (90) 15.6 (336) 4.8 (104) 21.9 (475) 
4A 34,3 (775) 65.7 (1485) 21.8 (493) 4.8 (108) 17.8 (402) 5.5 (124) 21.3 (481) 
4B 34.2 (605) 75.8 (1165) 24.7 (438) 4.1 (72) 16.4 (290) 4.8 (85) 20.6 (364) 
5A 18o4 (561) 81,6 (2489) 24.4 (744) 5,7 (174) 26.4 (805) 5.8 (177) 25.1 (766) 
5B 15o2 (350) 84.8 (I960) 28.9 (668) 3.9 (91) 24.9 (576) 5.5 (127) 27.1 (625) 
6A 21o6 (518) 78.4 (1882) 25.9 (622) 5,8 (139) 22,6 (542) 5,5 (132) 24.1 (578) 
6B 19=2 (378) 80.8 (1592) 29.0 (571) 6.1 (121) 19=8 (391) 4.9 (96) 25.8 (508) 
7À 22o8 (711) 77.2 (2409) 19.9 (621) 5.8 (181) 29.2 (911) 5.9 (184) 22.8 (696) 
7B 26,3 (652) 73.7 (1828) 23.1 (574) 6.6 (164) 26.3 (652) 4,6 (114) 17.7 (438) 
8A 20,1 (269) 79.9 (1070) 20.6 (276) 4,3 (58) 31,0 (415) 4,6 (62) 24.0 (322) 
SB. . 26,6 (223) 73,4 (616) 22.0 (185) 5.8 (49) 24»4 (205) 4.4 (37) 21.2 (178) 
H 
V») 
Ox 
0» • ' âj> before incubation; B, after incubation» 
U^nidentified M •= total hydrolyzable N minus (ammonium + hexosamine + amino acid)-N0 
®Flgwes in parentheses are amounts of N in various fractions expressed as ppzu. of soil* 
Tabl© 31 (Continued)o 
Soil Moiihsdro-
No»a . lysable N Total Ammonium 
9A 21,9 (786) 78,1 (2804) 22 0 2 (797) 
9B 24.4 (66l) 75.6 (2049) 24.0 (651) 
1GÂ 25.2 (519) 74.8 (1541) 25,0 (515) 
10B 24»4 (400) 75.6 (1240) 27.0 (443) 
HA 24o0 (955) 76.0 (3025) 23» 0 (915) 
1XB 28.1 (838) 71.9 (214?) 28*3 (844) 
12A 20.9 (487) 79.1 (1843) 26,2 (610) 
12B 19«@ (391) 80.2 (1579) 27.7 (545) 
13A 27ol (1092) 72,9 (2938) 23o2 (935) 
23B 23.7 (702) 76,3 (2258) 29.5 (872) 
14A 25o8 (810) 74.2 (2330) 25.0 (785) 
14B 27.4 (664) 72.6 (1756) 26.9 (652) 
15A 17.0 (306) 83.0 (1494) 24.6 (443) 
15B 19.2 (280) 80,8 (1180) 25.3 (369) 
l6A 15.3 (528) 84.7 (2922) 21.9 (756) 
16B 15oÔ (520) 84.2 (2760) 22.8 (748) 
17A 30.4 (2772) 69.6 (6348) 17.7 (1588) 
17B 3202 (2608) 67.8 (5492) 20.2 (1637) 
Ave. A 24.3 (734) 75.7 (2286) 21.9 (660) 
Ave, B 25.1 (609) 74.9 (1821) 25.1 (610) 
Amino 
Hydroxy- Uniden-
aeid amino acid tified" 
31.8 1142) 5.4 (194) 17.9 (643) 
25=4 688) 5.0 (136) 18.5 (502) 
24»4 503) 5.3 (109) 19.8 (408) 
23.2 380) 4.7 (77) 16.4 (269) 
29.5 1174) 6,3 (251) 18.7 (744) 
23.9 712) 5.9 (176) 12.7 (376) 
24.6 573) 5.4 (126) 23.8 (555) 
2202 437) 5.4 (106) 24.5 (483) 
26,6 1072) 6.0 (242) 18,0 (725) 
23.5 696) 4.8 (142) 20.2 (598) 
21.6 678) 5.5 (173) 22.0 (691) 
17.0 412) 4e>8 (116) 22.3 (537) 
24.1 434) 5.2 (93) 25*8 (464) 
22,2 324) 5.0 (73) 25.6 (374) 
31.1 1073) 60I (210) 23.7 (818) 
28, l 922) 5.0 (164) 26.6 (872) 
28.2 2572) 5.4 (492) 19.0 (1733) 
23.6 1912) 4.4 (356) 19.3 (1563) 
26.8 809) 5.6 (168) 21,4 (649) 
22.9 557) 4.9 (118) 21c 2 (515) 
Table 31 (Continued)= 
» • • • — •  —  — — — — — — —  
Soil Monhydro-
No.a lysablojî . Total Ammonium.. Heowsamine 
Experiment 2 
17A 30.4 (2771) 69.6 (6349) 16.7 (1523 ) 5.0 (456) 
17B 30.8(2405) 69.2 (5405) 18»1 (1414) 4.5(351) 
1@A 27.0 ( 518) 73.0 (1402) 20.0 (384) 9.9 (190) 
1ÔB 24o8 (357) 75.2 (1083) 22,9 (330) 8.6 (124) 
19A 20.6 (431) 79.4 (1659) 24.3 (508) 11.0 (230) 
19B 23,6 (363) 76.4 (1177) 27.1 (417) 10.9 (167) 
20A 19.8 (548) 80,2 (2222) 21.0 (582) 7„1 (197) 
20B 23o6 (526) 76.4 (1704) 23,9 (533) 7.3 (163) 
21A 30.0 (927) 70.0 (2163) 19.4 (599) 6,7 (207) 
21B 27.0 (694) 73.0 (1876) 21.0 (540) 4,9 (126) 
22A 32,3 (1040) 67.7 (2180) 20.4 (657) 4.6 (148) 
22B 30.6 (774) 69.4 (1756) 22,9 ( 579) 4.9 (124) 
Ave. A 28,1 (1041) 71.9 (2669) 19,1 (710) 6,4 (238) 
Ave, B 20.2(855) 71.8 (2175) 21.0 (637) 5,8(176) 
Amino. aeid 
Hydroxy-
amino acid 
28.2 (2572) 
29.2 (2281) 
24.5 (470) 
23.6 (340) 
24.6 (514) 
23.4 (360) 
29.5 (817) 
27.0 (602) 
26.4 (816) 
27=6 (709) 
27.9 (898) 
29.8 (754) 
27,4 (1017) 
27.8 (843) 
5.4 (492) 
5.5 (430) 
5.5 (106) 
4.6 (66) 
5=4 (113) 
4.9 (75) 
5,9 (163) 
5,4 (120) 
5.9 (182) 
5.4 (139) 
5.1 (164) 
5,3 (134) 
5.5 (204) 
5.3 (161) 
19.7 (1788) 
17.4 (1359) 
18.6 (357) 
20.1 (289) 
19.5 (408) 
15.0 (231) 
22.6 (626) 
18.2 (406) 
17,5 (541) 
19.5 (501) 
14.8 (477) 
11.8 (299) 
19.0 (704) 
17.2 (519) 
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Table 32. Dry matter (DeM„ ) yield and nitrogen uptake by 
ryegrass in greenhouse study 
Ryegrass cutting 
1st _ 2nd 3rd 
Soil DoM, N D.M. N D.M. N 
No. yield uptake yield uptake yield uptake 
•mgo/container (average of four replicates) 
201 697 19-3 454 5.2 571 5.4 
202 488 14.9 480 6.8 548 5.1 
203 1214 49.7 930 12.9 1001 8.4 
204 768 19.8 426 5-6 589 4.3 
205 277 6.8 329 4.9 276 3.3 
206 455 10.6 486 8.4 686 7.3 
20? 396 9.4 462 5-1 386 2=9 
208 378 16.5 592 9.6 66l 6.8 
209 322 7.6 285 3.1 341 2.7 
210 298 7-4 273 3.6 340 2.7 
211 267 6.5 279 4.0 366 3.5 
212 478 11.0 313 3.9 408 3.6 
213 510 14.3 355 5-7 464 5.2 
214 715 21.6 442 6.6 596 5-7 
215 252 6.4 332 4.2 250 2.6 
216 300 6.7 305 4.2 398 4.0 
21? 414 10.7 448 6.0 374 3.1 
218 615 15.3 509 6.6 666 5.2 
219 432 10.1 524 7.1 588 5.4 
220 4 55 10.5 286 3.8 465 4.2 
221 320 9.4 324 4.2 356 3.6 
222 667 20.4 562 6.2 642 4.6 
223 435 9.9 456 3.8 370 2.8 
224 269 5.9 218 2.8 250 3.2 
225 152 3.2 110 1=1 130 0.9 
Average 463 13.0 407 5.4 473 4.3 
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Table 33. Nitrogen mineralized by aerobic incubation (30°C. 9 
14 days) of field-moist soils and of air-dry soils 
stored for various times 
Air-dry soil 
Field- Time of storage„ weeks 
Soil 
No® 
moist 
soil 0 1 2 4 8 16 24 
-N mineralized (ppm„ of soil)—• ««.««a — 
201 4 24 24 24 28 32 30 36 
202 16 23 29 29 30 35 38 41 
203 22 28 31 34 38 44 43 58 
204 10 17 19 17 20 25 32 31 
205 8 24 27 28 31 38 42 38 
206 8 22 26 24 28 33 39 39 
20? 6 20 17 17 20 28 28 29 
208 10 23 27 30 29 28 34 41 
209 4 10 10 13 15 19 21 22 
210 8 20 18 17 21 28 30 30 
211 7 13 13 14 14 22 25 25 
212 11 19 21 20 21 30 32 31 
213 13 23 26 26 29 35 38 41 
214 4 10 12 9 12 19 20 19 
215 8 10 12 13 16 22 23 26 
216 3 18 18 20 18 24 25 26 
217 12 22 20 22 23 29 34 32 
218 15 28 29 32 33 41 42 46 
219 7 26 28 26 28 39 39 41 
220 12 18 18 18 17 23 28 28 
221 12 18 14 14 17 22 26 25 
222 11 12 14 14 14 21 22 26 
223 6 10 10 5 7 15 16 16 
224 7 10 10 12 11 15 17 16 
225 1  4 3 2 3 7 7 5 
Average 9 18 19 19 21 27 29 31 
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Table 34» Nitrogen mineralized by anaerobic incubation (40°Go 5 
7 days) of field-moist soils and of air-dry soils 
stored for various times 
Air-dry soil 
Field- Time of storage0 weeks 
Soil 
No. 
moist 
soil 0 1 2 4 8 16 24 
mineralized (ppm« of soil)-
201 51 47 44 61 72 84 69 77 
202 69 30 74 64 71 78 75 76 
203 109 110 124 90 118 112 117 112 
204 39 45 21 33 52 49 43 49 
205 43 44 42 37 62 59 67 yu 
206 62 45 46 94 81 90 82 91 
207 23 35 41 42 43 50 51 55 
208 59 69 90 67 76 83 78 80 
209 24 20 20 41 "44 51 39 37 
210 36 38 33 50 39 46 43 46 
211 34 20 41 33 40 38 40 40 
212 31 28 38 36 39 47 46 50 
213 69 81 77 58 64 62 66 64 
214 25 17 17 28 28 34 31 34 
215 30 25 44 47 45 57 59 63 
216 37 41 34 48 56 56 63 57 
217 43 30 37 36 56 48 55 49 
218 67 51 49 77 103 93 101 99 
219 78 63 86 59 59 62 74 70 
220 35 52 56 41 51 55 60 60 
221 59 41 44 77 69 88 66 82 
222 28 19 26 18 18 27 24 34 
223 25 23 18 22 22 26 22 25 
224 16 15 17 17 20 19 19 20 
225 3 6 4 4 3 4 4 4 
Average 44 40 45 47 53 57 56 58 
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Table 35° Nitrogen mineralized by anaerobic incubation (30°Co » 
14 days) of field-moist soils and of air-dry soils 
stored for various times 
Air-dry soil 
Field- Time of storage* weeks 
Soil 
No, 
moist 
soil 0 1 2 4 8 16 24 
mineralized (ppm6 of soil)— 
201 15 60 66 89 101 112 106 120 
202 43 56 65 64 67 78 89 111 
203 30 25 71 44 59 90 93 96 204 12 13 38 36 33 41 43 66 
205 14 48 55 50 63 66 66 79 206 34 62 97 94 98 114 83 84 
20? 11 41 38 42 44 51 53 61 
208 23 52 57 59 46 M 62 56 209 7 30 23 38 41 46 44 
62 
39 210 12 32 37 37 62 71 59 
211 10 27 32 33 37 44 49 54 
212 11 36 41 43 47 50 59 60 
213 21 38 52 5? 48 45 
65 70 87 
214 12 31 30 34 39 37 40 
215 12 40 52 4? 56 70 70 79 
216 19 37 37 48 43 44 51 63 
217 12 32 34 40 50 61 63 
218 20 55 # 69 88 7^  90 77 219 31 51 44 65 66 64 70 79 
220 16 41 46 47 50 58 61 70 
221 42 54 55 77 69 81 78 84 
222 12 10 15 18 11 14 37 42 
223 17 20 18 20 22 22 23 23 
224 8 17 19 17 13 18 20 21 
225 3 2 3 4 2 4 7 8 
Average 18 36 43 47 50 57 59 65 
3>3 
Table 36„ Correlation coefficients for the relationships 
among results obtained by aerobic incubation method 
(30°Ge„ 14 days) with field-moist, air-dried, and 
air-dried and stored soils 
Solla 
AD 8(1) 8(2) 8(4) 8(8) S(L6) 8(24) 
Correlation coefficient (r)b 
3oil& 
FM 0.60 0.64 0o66 0.65 0.64 0.6? 0.?4 
AD ===== 0.91 0.88 0.90 0.90 0.94 0.94 
8(1) ——— = ,=»— 0.97 0.97 0.96 0.96 0.98 
3(2) —*=— ——— ——— 0.98 0.94 0.94 0.96 
8(4) 
— —— 
—» a» «a 0.97 0.96 0,97 
8(8) 
— —  —  — —  
coooa 0.97 0,96 
S (16) cieiM eon* «• oaeoee OT QIJ9 ««=»eo 0.94 
aFM0 field-moist? AD, air-dried§ 8, air-dried and stored 
(figures in parentheses after S represent number of weeks soil 
sample ms stored before incubation)„ 
*r ^  0,51, P = 0.01; r S» 0,62, p = 0.001. 
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Table 37« Correlation coefficients for the relationships 
among results obtained by anaerobic incubation 
method (40®C., ? days) with field-moist, air-dried, 
and air-dried and stored soils 
Soila 
AD 8(1) 8(2) 8(4) 3(8) 3(16) 3(24) 
Correlation coefficient (r)b 
Soil* 
FM 0=86 0.89 0.85 ,0.8? 0,86 0.90 0.90 
AD 0.82 0.72 0.79 0.75 0.81 0.77 
8(1) ——— O.72 0.77 0.75 0.82 0.78 
8(2) —» —- 0.91 0=96 0.91 0e 94 
8(4) —— =.=»= 0.96 0.98 0.97 
8(8) 
— —  — -
««« 0.95 0.98 
8(16) cacao» oococa ca«a«a* s=»eo«a e«ora 0.99 
aFMg field-moists AD, air-dried; S, air-dried and stored 
(figures in parentheses after S represent number of weeks soil 
sample was stored before incubation). 
br > 0.62, P = 0.001. 
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Table 38» Correlation coefficients for the relationships 
among results obtained by anaerobic incubation 
method (30°C. 9 14 days) with field-moist9 air-dsied9 
and air-dried and stored soils 
Soil6 
AD 8(1) 8(2) 8(4) 8(8) S(l6) 8(24) 
Correlation coefficient (r)b 
Soila 
PM 0.63 0.69 0.69 0.56 0.59 O063 0.63 
AD 0.81 0.92 0.89 0.82 0 = 80 0=66 
8(1) eDeaeo 0.88 0.8? 0.93 0.88 0,84 
8(2) »<»«» ==<»«. eDC3G 0.93 0.90 0.87 0.82 
8(4) a CJ «s* aaao C3> «0 «3* «a <a co 0.95 0=91 0.83 
S(8) 0 © 93 0 o 88 
S(x6) «««• to»® we»« «=»*==• e»o=m »c#a Q O 95 
FM9 field moist? AD, air-dried? S9 air-dried and stored 
(figures In parentheses after S represent number of weeks soil 
sample was stored before incubation)» 
br > 0.519 P = 0.01; r > 0.62, P = 0.001. 
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Table 39. Correlation coefficients for the relationships 
between results obtained by aerobic incubation 
(30°Go9 14 days) method and by anaerobic incubation 
(40°G., ? days) method with field-moist$ air-dried9 
and air-dried and stored soils 
Aerobic 
(30°Co) 
incubation 
method 
Anaerobic (40°C.) incubation method 
Soil a 
FM AD 8(1) 8(2) 8(4) 8(8) 8(16) 8(24) 
Correlation coefficient (r)b 
Soil 
FM 0.74 0=54 0.71 0=55 0=68 0=62 0=66 0.65 
AD 0=83 0=69 0.79 0=76 0=85 0 = 81 0.87 0.85 
8(1) 0.86 0=77 0.79 0.75 0.84 0 = 80 0.87 0.85 
8(2) 0=84 0 = 77 0.80 0=75 0=88 0=82 0.90 0.86 
8(4) 0=86 0.79 0.79 0=79 0=90 0.95 0.91 0.89 
8(8) 0=85 0=75 0.76 0.74 0,84 0,78 0.88 0.85 
8(16) 0.83 0.74 0=73 0=74 0=84 0.78 0.85 0.84 
8(24) 0.91 0.87 0.84 0.93 0.89 0.86 0.92 0,89 
field-moist? AD, air=dried§ 8, air-dried and stored 
(figures in parentheses after S represent number of weeks 
sample was stored before incubation) = 
> 0.51, P = OoOl? r > 0.62, P = 0.001, 
14? 
Table 40. Correlation coefficients for the relationship 
between results obtained by aerobic incubation 
(30°C., 14 days) method and by anaerobic incubation 
(30°G., 14- days) method with field-moist, air-dried, 
and air-dried and stored soils 
Anaerobic (30°G.) Incubation method 
Aerobic ~ _ 
C30°c,) Soil 
incubation 
method PM AD 8(1) 3(2) 8(4) 3(8) S(l6) 8(24) 
lb Correlation coefficient (r) 
Soil* 
PM 0.54 n. s. 0.49 Zlo S O n„s0 n.So 0.56 0.52 
AD 0.58 ÏH 0 S 0 0.74 0.70 0.72 0.72 0.79 0.78 
8(1) o.6o 0.68 0.78 0.68 0o68 0o?0 0.80 0.78 
8(2) 0.54 0.48 0.74 0.64 0 = 64 0.6? 0.80 0.86 
8(4) 0.55 0.64 0.81 0.69 0.72 0.76 0.85 0.86 
8(8) 0.52 0.61 0.75 0.64 0,71 0.71 0.82 0.79 
8(16) 0.55 0.62 0.75 0.66 0.68 0.71 0.79 0.77 
8(24) 0.57 0.56 0.81 0.67 0.66 0.72 0.83 0.78 
field-moist| AD$ air-dried§ Sg air-dried and stored 
(figures In parentheses after S represent number of weeks 
sample was stored before incubation)o 
br <s 0©40j not significant (n0s0)? r > 0o40, ? = 0.05? 
r > 0O51S P - 0„01? r > 0.62, P = 0.001* 
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Table 4l„ Correlation coefficients for the relationship 
between results obtained by anaerobic incubation 
(30°0« g 14 days) method and by anaerobic incubation 
(40°Co5 7 days) method with field-moist, air-dried, 
and air-dried and stored soils 
Anaerobic 
(30°Co) 
incubation 
method 
Anaerobic (40°C.) Incubation method 
Soil6 
FM AD 8(1) 8(2) 8(4) 8(8) S(l6) 8(24) 
Correlation coefficient (r)^  
Soil 
FM 0 c  7 7  0.50 0.63 0.78 0„64 0.72 O066 0 = 71 
AD 0=53 H o  S 0  O06O 0.63 0.74 0.75 0,70 0o75 
8(1) 0.74 0.62 0.65 0.90 0.85 0.90 O086 0.95 
8(2) 0.63 0=47 0.49 O086 0.74 0.83 0.75 0.83 
8(4) 0.62 0=45 0.47 0.83 0.75 0.82 0.77 0.81 
3(8) 0.70 0.57 0.57 0.88 0.79 0.87 0.80 0.85 
8(16) 0,79 0.62 0.68 0.86 0.86 0.91 0.88 0.91 
8(24) 0.77 0.63 0.63 0.76 0.77 0.81 0.80 0.71 
a. FBI9 field-moist; AD$ air-dried; S$ air-dried and stored 
(figures in parentheses after S represent number of weeks 
sample was stored before incubation)0 
br =5 0o40s not significant (n.s,); r P 0„40, P = 0o05l 
r > 0o519 P = OoOl; r > 0,62g P = 0o001o 
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Table 42. Amounts of nitrogen and carbon extracted from soils 
by boiling water (methods 1 and 2) 
Nitrogen8, Carbona 
Soil 
No, A B C A B C 
— —  •ppnu of soil--
201 69 64 69 793 755 785 
202 60 65 63 658 622 672 
203 75 80 83 653 690 737 
204 49 49 50 504 505 501 
205 48 52 51 508 555 555 
206 54 52 5? 542 562 611 
20? 52 45 54 539 517 681 
208 59 55 60 503 557 605 
209 36 39 44 402 425 470 
210 37 33 35 433 452 415 
211 41 41 44 405 419 44? 
212 46 46 48 421 429 416 
213 68 63 64 5§3 571 592 
214 35 37 41 369 356 387 
215 28 28 28 387 381 367 
216 54 50 52 440 447 501 
217 37 38 37 392 396 459 
218 66 64 70 542 501 590 
219 76 69 71 631 632 631 
220 29 31 32 358 352 354 
221 54 % 467 431 501 222 31 34 34 310 320 338 
223 39 36 37 259 318 278 
224 23 22 25 206 131 193 
225 12 12 14 107 84 91 
Ave. 47 46 49 456 456 468 
air-
aA, field-
dried and ; 
-moist soil? B 
stored 8 weeks 
9 freshly air-dried soil; C, soil 
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Table 43. Amounts of nitrogen and carbon extracted from soils 
by water at 100°Ge (methods 3 and 4) 
Soil 
No„ 
Nitrogen0, Carbon6 
A B C A B C 
Of Soil*""»*»"" 
201 30 26 29 412 381 390 
202 30 31 30 397 374 387 
203 43 41 42 363 324 350 
204 21 20 20 252 179 182 
205 19 21 21 236 227 235 
206 30 31 30 330 327 332 
20? 25 26 27 261 278 290 
208 31 31 32 308 270 271 
209 17 19 20 197 211 212 
210 17 15 17 183 188 192 
211 22 21 22 206 213 209 
212 23 19 20 288 225 257 
213 31 30 31 329 324 330 
214 16 17 19 141 145 140 
215 13 16 18 l60 184 . 182 
216 19 23 22 174 184 186 
21? 21 27 26 193 249 251 
218 33 31 32 270 290 298 
219 34 28 30 262 222 246 
220 16 16 16 172 159 181 
221 33 27 28 238 259 257 
222 16 16 17 115 105 106 
223 14 14 15 70 63 72 
224 14 14 14 161 154 159 
225 7 4 7 28 20 25 
Ave. 23 23 23 230 222 230 
aAs field-moist soil; B, freshly air-dried soil? Cs soil 
air-dried and stored 8 weeks0 
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Table 44» Amounts of nitrogen extracted from soils by water 
at 102°C. and 120°G. (methods 5 and 6)a 
N extracted (ppm. of soil) 
Soil No. 102°C. 120*0. 
201 41 116 
202 32 80 
203 39 99 
204 38 58 
205 41 68 
206 30 63 
20? 29 70 
208 30 59 
209 18 52 
210 14 41 
211 19 51 
212 21 76 
213 35 46 
214 18 46 
215 15 51 
216 22 44 
217 20 44 
218 31 67 
219 38 87 
220 14 37 
221 29 50 
222 23 39 
223 21 32 
224 14 28 
225 8 16 
Average 26 57 
aSoil samples air-dried and stored 8 weeks before 
anal v-si s. Extractions were performed by heating samples with 
water in an autovalve for 1 hour* 
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Table 45. Amounts of nitrogen, carbon, and "glucose" extracted 
from field-moist» freshly air-dried5 and air-dried 
and stored soils by 0„1N Ba(0H)9 (methods 7S 8, and 
9) ~ 
Nitrogen Carbona ''Glucose69 a 
Soil 
No. A B C A B G A B C 
201 72 120 122 580 757 780 275 422 445 
202 4o 64 67 337 556 554 148 370 289 
203 47 70 105 373 503 721 180 298 352 
204 34 59 54 359 521 526 102 264 186 
205 56 86 78 337 663 645 161 302 284 
206 58 72 66 359 584 570 168 355 318 
20? 32 53 50 272 548 546 102 200 152 
208 30 54 54 410 525 521 165 299 201 
209 20 48 52 383 458 470 100 224 323 
210 40 60 60 444 509 511 120 282 196 
211 66 66 78 517 533 560 188 264 237 
212 44 57 54 306 452 449 130 130 171 
213 50 61 63 469 677 690 272 352 279 
214 40 58 55 359 430 431 98 290 127 
215 36 59 57 335 537 540 161 282 181 
216 24 45 49 351 446 495 90 255 117 
217 42 73 76 308 604 621 138 220 333 
218 44 60 60 436 572 564 189 198 176 
219 36 33 40 371 458 469 «•am 
220 44 55 54 310 473 481 70 170 201 
221 34 54 51 416 568 571 180 290 196 
222 41 52 56 446 410 412 102 233 137 
223 14 24 37 166 276 351 <=>=»«=* 
224 25 28 25 272 320 331 «on» ea *»•=»«= 
225 4 4 4 48 49 51 ea,meB 
Ave, 39 57 59 359 497 513 149* 276* 196* 
aAc field-moist soils B9 freshly «•J.r-dried soil? C, soil 
air-dried and stored 8 weeks0 
A^verages for 21 soils0 
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Table 46e Amounts of nitrogen and carbon extracted from field-
moist, fleshly air-dried, and air-dried and stored 
soils by Q.5N EgSO^  (methods 10 and 11) 
Nitrogen®" Carbon8, 
Soil 
No» A B C A B C 
iTYTtVn 
201 73 84 82 884 947 949 
202 50 62 57 597 645 679 
203 66 78 68 582 667 639 
204 50 55 52 523 651 604 
205 50 *3 61 671 777 773 206 38 46 48 391 540 503 
20? 41 50 46 460 481 546 
208 51 61 56 564 608 629 
209 31 39 36 371 402 436 
210 32 42 40 426 450 493 
211 40 47 56 572 590 639 
212 3b 44 44 4 77 509 481 
213 44 51 49 485 602 556 
214 42 49 42 489 548 513 
215 38 39 40 448 529 521 
216 32 44 36 391 410 418 
217 54 65 64 720 797 781 
218 37 46 46 406 469 438 
219 38 43 36 548 487 592 
220 34 42 38 426 430 447 
221 52 55 50 485 517 513 
222 40 51 47 509 554 538 
223 34 36 40 276 276 335 
224 18 24 25 197 170 205 
225 8 9 16 134 138 173 
Ave, 41 49 47 481 528 536 
aA9 field-moist soil? B „ freshly air-dried soils C„ soil 
air-dried and stored 8 weeks O 
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Table 47. Amounts of ammonium N released from field-moist„ 
freshly air-dried and air-dried and stored soils by 
distillation with alkaline permanganate (method 12) 
and by microdiffusion with sodium hydroxide (method 
13) 
Distillation with Mlorodlffusion with 
alkaline permanganate sodium hydroxide8. 
Soil 
Mo, A B C A B C 
Ammonium M released (ppm0 of SOil ) -=•**• 
201 367 372 381 219 258 263 
202 270 282 294 178 212 215 
203 270 260 267 149 185 191 
204 232 235 238 145 173 172 
205 278 290 290 160 192 190 
206 232 239 236 127 169 170 
20? 242 254 249 128 172 175 
208 224 236 238 120 145 146 
209 207 209 218 113 142 147 
210 203 226 234 120 151 153 
149 211 223 226 226 122 147 
212 215 230 231 123 145 146 
213 184 208 222 123 146 146 
214 207 210 210 114 141 142 
215 199 204 204 113 135 134 
216 192 190 190 95 116 119 
217 177 186 188 96 126 122 
218 199 200 198 122 148 146 
219 129 132 135 99 108 110 
220 188 185 220 104 129 131 
221 154 164 163 98 112 109 
222 154 182 179 95 116 121 
223 110 108 108 $2 62 67 
224 93 94 97 35 48 47 
225 74 75 78 21 24 25 
Ave. 201 208 212 115 140 141 
air-
aA9 field-moist 
•dried and stored 
soils Bg 
8 weeks0 
freshly air-dried soils Cs soil 
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Table 48, Results obtained by methods involving steam 
distillation with various alkaline reagents 
Stearn distillation method5 
Soil 
No. 14 15 16 17 18 19 20 
«=«=» = • 
—.Ammonium N released (ppm„ of soil)-— 
201 26 54 154 1"1 163 193 67 
202 18 48 96 130 106 138 42 
203 21 59 92 120 105 129 51 
204 15 54 92 119 100 131 28 
205 2? 71 98 131 113 142 37 
206 20 62 87 112 95 123 44 
20? 18 51 83 106 87 121 • 31 
208 14 56 69 104 72 111 25 
209 12 43 82 101 84 115 34 
210 21 61 81 103 92 117 30 
211 22 63 81 107 94 113 30 
212 16 60 82 111 95 119 34 
213 18 62 72 98 76 109 28 
214 15 60 69 102 74 109 24 
215 18 64 77 103 94 109 35 
216 12 47 84 49 91 17 
217 16 60 65 92 71 99 29 
218 16 46 72 101 84 110 30 
219 15 43 56 75 63 92 31 
220 20 74 69 102 87 107 39 
221 16 54 57 90 61 90 35 
222 14 62 60 85 71 101 27 
223 6 44 27 60 30 65 11 
224 6 46 22 55 23 60 9 
225 4 25 10 35 11 37 4 
Ave0 16 55 72 100 80 109 31 
aMethods were applied to soils air-dried and stored 8 
weeks« For description of methods, see Section VII0 
Table 49. Carbon/nitrogen ratios of extracts obtained by treatment of soils with 
various reagents 
Reagenta 
Boiling water Water (100°C. ) 0.1W Ba(0H)g 0,5N EgSOj^  
(methods 1 and 2) (methods 3 and 4) (methods 7 and 8) (methods 9 and 10) 
Soil 
No. A B G A B G A B G A "B G 
ratio 
201 11.5 11.8 il.4 13.7 13.7 13.4 8.1 6.3 6.4 12.1 11.3 11.6 
202 11.0 9.6 10.7 13*2 12.1 12 oi 8.4 8.7 8.3 11.9 10=4 11.9 
203 8.7 8.7 8.9 8.5 7.9 7.9 7.9 7.2 6.9 8.8 9.5 9.4 
204 10.3 10.3 10,0 12.0 9.0 9.1 10.6 8.8 9.7 10.5 11.8 16.1 
205 10.6 10.7 10.9 12.4 9.3 11.2 6.0 7.7 8.3 13.4 12.3 12.7 
206 10.0 10.8 10.4 11.0 10.5 11.0 6.2 8.1 8.3 10.3 11.4 10.5 
20? 10.4 11.5 10.8 10.4 10.7 10.7 8.5 10.3 10.4 11.2 9.6 11.9 
208 8.5 10.1 10.1 9.9 8.7 8.5 13.7 9.7 9=6 11.1 10.0 11.2 
209 11.2 10.9 10.7 11.6 11.1 10.6 19.2 9.5 9=0 12.0 10.3 12.3 
210 11.7 13.7 11.9 10.8 12.5 11.3 11.1 8.5 8.5 13.3 10.7 12.3 
211 9.9 10.2 10.2 9.4 9.9 9.5 7.8 8.1 7.2 14.3 12.6 11.4 
212 9.2 9.3 8.7 12.5 11.8 12.9 7.0 7.9 8.3 13.2 11.6 10.9 
213 8.3 9.1 9.2 10.6 10.8 10.6 9.4 11.1 11.0 11.0 11.8 11.3 
214 10.5 9.6 9.4 8.9 8.5 7.4 9.0 7.4 7.8 11.6 11.2 12.2 
215 13.8 13.6 13 = 1 12.3 11.5 10.1 9=3 9.1 9=5 11.8 13.6 13.0 
216 8.1 9.0 9.6 9.2 8.0 8.4 14 o 6 9.9 10.1 12.2 9.3 11.6 
217 10.6 10.4 12.4 9.2 9.2 9.7 7.3 8.3 8.2 13.3 12.3 12.2 
218 8.2 7.9 8.4 8.2 9.4 9.3 9.9 9.5 9.4 11.0 10.2 
219 8.3 9.2 8.9 7.7 12.6 8.2 10.3 13.9 11.7 14.4 11.3 16.4 
220 12.3 11.3 11.1 10.8 9.9 11.3 7.0 8.6 9.9 12.5 10.2 11.8 
G9 soil air-dried and stored 
Table 49 (Continued)» 
Reagent a 
Soil 
No. 
Boiling water 
[methods 1 anc 
A B G 
Water (100°C.) 
lods 3 anc 
A B 
OoIN Ba(0H)2 
(methods 7 and 8) 
A B 
0o5N H2S04 
(methods 9 and 10) 
A B 
221 8.6 8.3 9.6 7.2 9,6 9.2 12 o 2 10.5 11.2 9.3 9.4 10.3 
222 10.0 9.4 9.9 7.2 6,6 6.3 8.8 7.9 7.9 12.7 10.9 11.4 
223 6,6 8.9 7.5 5.0 4.5 4.8 11.9 11.5 9.5 8.1 7.7 8.4 
224 9.0 6.0 7.7 llo5 11.0 11.4 10.9 11.4 13.2 10.9 7.1 8.2 
225 8.9 7.9 7.7 4.0 5.0 3.6 12.0 12.2 12.7 16.8 15.3 10.8 
Ave. 9,8 9.9 9.7 10,0 9.7 10.0 9o2 8.6 8.7 11.7 10.8 11.4 
Table 50, 
Chemical 
method 
Relationships among results of chemical methods, N uptake by the second 
and third cuttings of ryegrass, and mineralizable M as estimated by 
incubation methods (25 soils)9-
Mineralizable N 
FM 
1st 
cutting, 
AD 
2nd 
cutting 
FM AD 
Aerobic 
incubation method 
Anaerobic (40°C «) 
incubation method 
FM AD FM 
Correlation coefficient (r)^  
AD 
1 0=77 0.82 0.74 0.75 0.85 0.87 0.80 0.84 
2 0» 60 0.59 0.62 0,60 0,84 0,85 0.82 0.81 
3 0.70 0,81 0.76 0,78 0.84 0.82 0.88 0.89 
4 0,61 0.56 0.68 OoOO 0.79 0.79 0.83 0.85 
7 n,s. n, s. ri o s o n «So 0.58 0,61 0.49 0.60 
8 0,42 n, s. 0.49 0.42 0.48 °,70„ 0,51. 0.68 
9 n. s,° n,s,° n.so n.s. 0,52° 0,46° 0.52° 0.41° 
10 0.64 0,66 0.58 0,61 0.62 0,66 0.69 0=73 
11 0,45 0.50 0,40 0,46 0,60 0.62 0,50 0.52 
12 0.42 0,41 0,45 0,46 0.59 0.59 o,6l 0.62 
13 0.45 0.46 0.5% 0,52 0.68 0.67 0.65 0.65 
Chemical methods were applied to field-moist (FM) and freshly air-dried (AD) 
soils. Incubation methods were applied to soils which had been air-dried and 
stored for 8 weeks» 
br <5 0,40, not significant (n„s„ ) ; r > 0,40, p = 0,05? r ^  0.519 P = 0.01; 
r > 0o62d P = 0,001. 
T^wenty-one soils, r < 0,43, not significant (n, s,)§ r ^  0o439 P = 0,05; 
r > 0.55, P = 0.01. 
